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“whereas  the  Congress  he rebij  finds  and  declares  that  the 
Nation’s  health  is  seriously  threatened  by  diseases  of  the  heart 
and  circulation,  including  high  blood  pressure,  which  annually 
kill  over  five  hundred  and  eighty-eight  thousand  of  our  people 
and  disable  approximately  seven  million  eight  hundred 
thousand  more.  These  diseases  are  the  main  cause  of  death 
in  the  United  States  and  more  than  one  in  every  three  of  our 
people  die  from  them;  and 

“Whereas  it  is  therefore  the  policy  of  the  United  States  to 
provide  for  research  and  control  relating  to  diseases  of  the  heart 
and  circulation  in  a  supreme  endeavor  to  develop  speedily  more 
effective  means  of  prevention,  diagnosis,  and  treatment  of  .such 
diseases:  Now,  therefore 

“Be  it  enacted  by  the  Senate  and  House  of  Representatives 
of  the  United  States  of  America  in  Congress  assembled,  that 
this  Act  may  be  cited  as  the  ‘National  Heart  Act’.” 

US.  Senate 
S.  2215 
1948 
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Foreword 


In  honor  of  the  foiiieth  anniverearij  of  the  National  Heart,  Lung^  and 
Blood  Institute  and  the  centennial  celebration  of  the  National  Institutes  of 
Health,  I  am  pleased  to  present  this  conimemorative  volume  and  its 
companion,  entitled  “A  Salute  to  the  Past!’ 

These  puhlications  speak  not  onlif  to  the  Institute’s  achievements  but 
also  to  how  its  organization  evolved  over  the  years  and  how  its  goals  have 
changed  in  response  to  emerging  national  health  needs,  new  technologies,  and 
increasingly  sophisticated  approaches  to  biomedical  research.  In  reaching  out 
to  the  community  and  servicing  the  Nation,  the  Institute’s  accomplishments 
reflect  the  wisdom  and  dedication  of  its  intramural  and  extramural  staff 
cooperation  f  rom  a  concerned  research  commu  nity,  understanding  and 
suppotHve  legislative  and  executive  leadership,  and  cooperation,  and  often 
tangible  suppoti,  from  health-related  commercial  organizations 

One  of  the  most  noteworthy  aspects  of  the  Institute’s  early  years  was 
its  broad  approach  to  health  problems.  Both  commenwrative  volumes  bear 
testinwny  to  important  features  of  the  Institute  from  its  earliest  years  when  its 
budget  was  small  but  its  vision  expansive  and  its  approach  eclectic.  From  the 
beginning  the  intramural  as  well  as  the  extramural  programs  emphasized 
basic  research.  Indeed,  this  basic  research,  in  several  instances,  was  significant 
enough  to  earn  Nobel  prizes  Becau  se  of  the  hnportance  of  prinmte  models,  the 
In.stitute  teas  among  the  first  sources  of  support  for  prinmte  colonies.  It  was 
one  of  the  first  to  contribute  to  development  of  what  has  become  the  Medlars 
facilitt),  and  was  among  the  first  ofNIH  Institutes  to  recognize  the  importance 
and  relevance  of  behavioral  approaches  to  biomedical  research.  In  short,  the 
Institute’s  objective  always  has  been  to  improve  our  Nation’s  health.  It  has 
achieved  this  through  open-minded,  innovative  planning  and  a  commitment 
to  a  balanced  program. 


The  title  of  this  volume,  40  Years  of  Achievement  in  Heart  Lung, 
and  Blood  Research,  promises  more  than  possibh/  can  he  presented  in  a 
commemorative  publication.  The  achievements  in  heart,  lun^  and  blood 
research  have  been  amply  documented  in  the  scientific  literature  over  the 
years  This  volume  describes  the  authors’  personal  reflections  of  achievements 
in  eight  research  areas  The  authors  were  asked  to  develop  their  topics  from 
their  personal  experiences,  knowledge,  and  commitment  over  the  years  The 
areas  selected  are  representative  of  the  many  significant  advances  in  research 
in  which  the  Institute  has  been  involved.  The  articles  are  addressed  to  a  variety 
of  audiences — basic  and  clinical  scientists,  health  professionals,  and  the  public. 

The  progress  presented  here  illustrates  a  process  and  a  philosophy  that 
have  prevailed  since  the  Institute’s  inception.  Although  the  idtiniate  goal  has 
always  been  betterment  of  national  health,  the  path  for  realization  was  often 
through  innovative  basic  research,  even  when  not  directly  related  to  heart, 
lung,  or  blood  diseases  Other  advances  were  achieved  through  population- 
based  .studie.s,  through  behavioral  research,  frecfuently  through  clinical 
trials  and,  most  recently,  through  outreach  programs  to  inform  practicing 
physicians  and  the  public. 

In  presenting  these  volumes,  it  is  with  thanks  to  all  those  who  have 
made  possible  the  Institute’s  achievements  over  the  years  Ideas  are  essential, 
but  without  the  ability,  interest,  and  dedication  of  people — they  will  come  to 
naught  And  so,  on  behalf  of  the  Institute,  I  thank  all  those  who  have  made 
these  advances  possible. 


Claude  Lenfant,  M.D. 

Director 

National  Heart  Lnng,  and  Blood  Institute 
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Atherosclerosis  Research: 
Decades  of  Progress 


Schematic  structural  character¬ 
istics  of  the  nonnal  arterial 
wall 


T he  years  of  the  Seeond  World 
War  were  a  period  of  relative  inae- 
tivity  in  researeh  on  atherosclero¬ 
sis.  A  notable  exception  were  the 
studies  of  Yates  and  his  associates 
describing  autopsy  findings  on 
coronary  artery  disease  in  men  18 
to  39  years  of  age  who  had  died  in 
the  military  service.  The  field  be¬ 
came  active  again  in  the  late 
1940s,  and  progress  was  rapid. 

Our  knowledge  at  that  time  was 
summarized  in  a  review  published 
in  1935,  which  presented  evidence 
to  refine  the  current  infiltration 
theory  of  atherosclerosis.  The 
theory  held  that  most  of  the  lipid 
in  atherosclerotic  plaques  was 
not  formed  in  the  artery  but  was 
brought  there  from  elsewhere, 
namely,  from  the  lipids  carried  in 
the  blood  infiltrating  the  vessel 
wall.  The  review  stated: 


“The  initial  stage  in  the  development 
of  human  arteriosclerosis  consists  of  local 
changes  in  the  walls  of  the  arteries  them¬ 
selves,  changes  which  are  responsible  for 
the  subsequent  precipitation  of  lipids  in  the 
affected  areas.  In  man,  as  in  the  rabbit 
there  is  everv  reason  to  believe  that  these 
changes  follow  as  the  result  of  some  form 


of  injury  to  the  arterial  walls.  As  to  the 
cause  of  this  injury,  the  e.xperimental  data 
yield  hardly  any  information  which  is  capa¬ 
ble  of  application  in  the  human  being.  .  .  . 
Following  the  initial  local  injury,  lipids  are 
deposited  in  the  injured  intima  especially 
in  the  intercellular  substances.  These 
deposits  stir  into  activity  numerous  macro¬ 
phages  which  are  attracted  to  the  site  and 
which  then  engulf  a  large  part  of  the  lipoid 
material.  It  seems  entirely  possible  that  the 
free  lipoid  deposits  can  stimulate  the  pro¬ 
liferation  of  connective  tissue  cells  in  the 
intima.  This  effect  is  added  to  that  of  the 
original  injury  to  produce  a  reparative 
fibrous  tissue  reaction  in  the  affected  areas. 
If  the  original  injury  that  initiated  the 
whole  process  ceases  to  operate,  it  is  prob¬ 
able  that  the  lipid  deposits  prevent  immedi¬ 
ate  healing  and  continue  to  exert  their 
influence  so  that  the  lesions  persist  pro¬ 
gressing  slowly.  Under  these  conditions, 
however,  it  seems  likely  from  the  experi¬ 
mental  evidence  that  the  lipids  may  be 
slowly  removed  and  mav  even  disappear 
finally,  leaving  onlv  a  fibrous  thickening 
of  the  intima 

Hypercholesterolemia  is  not  found 
with  any  regularity  in  association  with  arte¬ 
riosclerosis  in  man,  .  .  .  but  there  seems  to 
be  a  general  impression  that  a  disturbance 
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Normal  and  atherosclerotic 
vessels 


in  lipoid  metabolism  must  be  postulated  to 
explain  the  accumulation  of  lipids  in  the 
lesions  of  arteriosclerosis.  This  impression 
may  prove  to  be  correct  but  there  is  no 
concrete  evidence  at  present  to  show  that  it 
is  ...  .  If  a  disturbance  in  lipoid  metabo¬ 
lism  participates  in  the  etiology  of  arterio¬ 
sclerosis  in  man,  the  fact  remains  to  be 
demonstrated  in  the  future.” 

Research  to  understand  the  changes  of 
arteriosclerosis  in  the  vessel  wall  was  slow 
to  progress.  Aside  from  a  few  earlv  observa¬ 
tions,  only  in  the  past  15  years  has  there 
been  significant  and  rapid  progress  in 
understanding  some  of  the  many  biological 
mechanisms  that  go  into  building  arterio¬ 
sclerotic  plaques.  The  question  of  the  asso¬ 
ciation  of  lipids  with  the  development  of 
atherosclerosis  in  humans  was  brought 
under  scrutiny,  and  the  uncertainty  and 
lack  of  concrete  data  noted  above  soon 
were  resolved.  Research  on  lipids  proved  so 
rewarding  that  the  field  expanded  greatly 
and  continues  to  be  very  productive. 

Associations  Between  Lipids  and 
Atherosclerotic  Disease 

The  Framingham  Heart  Study  was  planned 
in  1947.  It  examined  its  first  subject  in 
1948  and  came  under  the  new  National 
Heart  Institute  (NHI)  in  July  1949.  Fram¬ 
ingham  had  been  selected,  in  part,  because 


it  had  been  the  site  of  a  community  study 
of  tuberculosis  from  1917  to  192.3.  The 
study  focused  on  arteriosclerotic  and  hy|rer- 
tensive  cardiovascular  diseases.  It  was 
assumed  that  these  were  the  result  of  multi¬ 
ple  causes  that  work  slowly  within  the  indi¬ 
vidual.  About  .5,000  persons  free  of  overt 
disease  have  been  observed  carefully  and 
repeatedly  for  many  years.  They  received 
customarv  medical  care  in  their  normal 
community  until  sizable  numbers  acquired 
cardiovascidar  disease.  The  prospectively 
collected  data  were  searched  for  those  ante¬ 
cedent  factors  that  could  be  identified  as 
influencing  this  development.  The  concept 
of  risk  factors  was  thus  born  and,  over  the 
years,  incontrovertible  data  were  presented 
and  quantitated  showing  that  age,  male  sex, 
blood  cholesterol  level  high  blood  pressure, 
cigarette  smoking,  and  diabetes  were  charac¬ 
teristics  that  coidd  be  expressed  as  numer¬ 
ical  probabilities  for  having  heart  attack  or 
strokes  in  the  future. 

It  takes  time  in  such  prospective  com- 
munitv  cohort  studies  to  accumulate  suffi¬ 
cient  data  to  analyze,  and  Framingham 
was  no  exception.  However,  a  collation  and 
systematic  account  of  major  findings  was 
begun  with  the  report  of  the  first  14  years 
of  follow-up.  The  first  report  of  a  positive 
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association  of  blood  cholesterol  level  and 
heart  attack  was  made  in  1956  hv  the  Tech¬ 
nical  Group  of  the  Committee  on  Lipopro¬ 
teins  and  Atherosclerosis  of  the  National 
Advisory  Heart  Conncil,  NHl.  Snhse- 
(pientlv,  reports  from  Framingham,  Los 
Angeles,  and  a  stndv  of  civil  seiwants  in 
Albany,  New  York,  were  published  together 
in  1957, 

The  Framingham  study  has  had  and 
continues  to  have  immense,  worldwide 
influence  in  both  public  health  concepts 
and  patient  care.  Even  though  it  does  not 
stand  alone  (between  1948  and  1960,  7 
large  prospective  studies  were  begun, 
totaling  about  11,000  persons  aged  40-59 
years),  the  Framingham  Heart  Study  has 
been  a  pioneer  and  premier  study  that 
speaks  to  the  associations  of  certain  char¬ 
acteristics  of  humans,  such  as  blood  choles¬ 
terol  level  and  blood  pressure  and  the 
subsequent  risk  or  probability  of  disease. 

It  has  been  one  of  the  bases  for  the  design 
of  clinical  trials  of  hyjiertensive  agents,  of 
hyjiocholesterolemic  drugs  or  diet,  and  of 
the  current  National  High  Blood  Pressure 
Education  Program  and  National  Choles¬ 
terol  Education  Program. 

Diet,  Blood  Cholesterol,  and 
Cardiovascular  Disease 

Early  attempts  to  alter  blood  cholesterol 
levels  bv  increasing  dietaiw  cholesterol  were 
not  informative.  For  example,  one  study 
reported  in  1950  failed  to  find  consistent 
effects  from  the  month-long  feeding  of  30 
grams  of  cholesterol  per  day  to  elderly  men. 
While  it  is  knowm  today  that  dietaiw  choles¬ 
terol  does  have  a  positive  association  with 
blood  cholesterol,  such  earlv  studies  turned 
attention  to  the  stronger  associations  with 
dietarv'  total  fat  and  saturated  fat  and  the 
relative  hvpocholesterolemic  effects  of 
poKainsaturated  fats. 


The  cliolesterol-lowering  ef  fect  of  veg¬ 
etarian  diets  and  licjuid  vegetable  oils  in 
humans  w'as  reported  in  1952  and  subse- 
(juent  years.  By  the  late  1950s,  results  of 
many  controlled  metabolic  dietary'  experi¬ 
ments  in  humans  led  scientists  to  state,  in 
the  form  of  simple  equations  or  fonmdae, 
the  effects  of  various  dietarv  fat  combina¬ 
tions  on  blood  cholesterol  level.  These 
ecjuations,  which  have  been  shown  to  pre¬ 
dict  rather  closely  the  average  effect  of 
qualitative  and  (juantitative  changes  in  the 
fat  composition  of  the  diet  have  become 
important  tools  for  public  health  and  med¬ 
ical  practice  applications  as  well  as  for 
research  purposes.  Thus,  it  became  estab¬ 
lished  that  diets  high  in  saturated  fat  pro¬ 
moted  hyjyercholesterolemitr,  low-fat  diets 
reduced  it  saturated  fats  tended  to  increase 
blood  cholesterol,  polyunsaturated  fats 
had  the  opposite  effect  and  oleic  acid  (a 
monoene  found  in  large  (juantitv  in  olive 
oil)  appeared  neutral  toward  the  blood  cho¬ 
lesterol  level.  Moreover,  an  increase  in  diet- 
aiT  cholesterol  has  the  ef  fect  of  increasing 
blood  cholesterol. 

E.xpanding  the  Information  Base 

Clinical  research  on  lipid  metabolism  was 
paralleled  by  cohort  studies  of  an  epide¬ 
miologic  nature.  Some  utilized  populations 
with  special  traditional  dietary'  behavior  or 
lifestyle.  Vegetarians,  for  example,  have 
loyver  blood  lipid  levels  than  nonvegeta¬ 
rians,  and  strict  vegetarians  loyver  levels 
still.  Other  studies  yvere  undertaken 
in  monasteries  and  yv'ith  Seventh  L)av 
Adventists. 

The  most  informative  studies  have 
been  international  prospective  cohort  stud- 
ie.s.  Of  these,  the  Seven  Countries  stndv  has 
offered  multiple  opportunities  to  derive. 
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compare,  and  contrast  risk  factor  associa¬ 
tions.  It  has  been  of  particular  value  in  dis¬ 
playing  the  influence  of  dietary  fats.  The 
study  took  its  genesis  from  a  prospective 
study  started  in  1947  among  business  and 
professional  men  in  Minnesota  The  varia¬ 
bles  that  might  be  predictive  of  cardiovas¬ 
cular  disease  were  extended  to  several 
countries  and  field  tested  and,  by  1957,  a 


one  rate  of  heart  attack  to  another.  Such 
studies  found  that  the  migrants  adopted 
the  risks  and  rates  of  the  country  of  immi¬ 
gration  within  a  relatively  short  time.  The 
migrant  studies  provided  additional  and 
confirmatory  evidence  on  risk  factor  associ¬ 
ations,  indicated  that  the  genetic  nature  of 
one  individual  was  responsive  to  environ¬ 
mental  changes,  and  showed  that  risk 
factor  status  and  risk  could  be  modified. 


Risk  of  heart  attack  increases 
as  blood  cholesterol  increases 


Heart  attack  rate  per  1,000  men  per  10  years 

200 
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full-dress  study  of  methods  and  organiza¬ 
tion  was  made. 

A  prospective  study  of  nearly  13,000 
men  in  16  groups  and  in  8  Western  coun¬ 
tries  and  Japan  was  initiated  between  1958 
and  1964.  In  generaf  the  research  con¬ 
firmed  the  risk  factor  associations  identi¬ 
fied  by  other  studies,  but  it  also  provided 
extensive  data  that  dietary  fat  intake  both 
by  quantity  and  ty|3e  was  a  determinant  of 
blood  cholesterol  level  in  free-living  popu¬ 
lations.  It  was  shown  that  blood  cholesterol 
level  was  a  determinant  of  heart  attack  in 
these  same  populations.  Population  studies 
like  these  stimulated  an  interest  in  “natu¬ 
ral”  risk  factor  experiments  that  occurred 
when  individuals  migrated  from  one  cul¬ 
ture  to  another  and  from  a  population  with 


Early  Efforts  for  Prevention 

Although  reports  were  often  preliminary 
and  final  follow-up  analyses  often  required 
many  additional  yeans,  knowledge  in  these 
areas  was  sufficiently  developed  by  comple¬ 
mentary  investigations  to  lead  to  public 
health  pronouncements.  The  American 
Heart  Association,  for  example,  urged  in 
1961  that  attention  be  given  to  controlling 
fats  in  the  diet  to  reduce  the  risk  of  heart 
attack.  A  more  emphatic  statement 
followed  in  1964. 

Much  of  the  risk  factor  information 
was  gathered  together  as  data  for  a  state¬ 
ment  on  prevention  by  the  Inter-Society 
Commission  for  Heart  Disease  Prevention. 
This  group  of  experts  was  gathered  on 
behalf  of  the  US.  Department  of  HealtK 
Education,  and  Welfare  Regional  Medical 
Programs  Service  to  develop  guidelines  for 
patients  with  cardiovascular  diseases.  A 
section  of  the  statement  was  devoted  to  the 
primary  prevention  of  atherosclerotic  dis¬ 
eases.  The  initial  document,  issued  in  1970, 
spoke  to  the  control  of  risk  factors,  includ¬ 
ing  dietary  modification,  obesity,  hyperten¬ 
sion,  and  cigarette  smoking,  to  prevent  the 
premature  occurrence  of  heart  attack. 
Meanwhile,  an  interest  arose  in  the  direct 
demonstration  of  the  benefits  of  risk  factor 
control  because  such  demonstrations  would 
strengthen  the  concept  of  causal  relation¬ 
ships  and  would  have  immediate  practical 
significance  for  application  to  public  health 
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aiul  to  patient  care.  The  first  studies  were 
directed  to  prospective  randomized  blinded 
trials  in  men  who  liad  snffered  a  heart 
attack  and  were  at  high  risk  of  a  second  one. 
The  earliest  was  the  Coronaiw  Drug  Project 
which  tested  several  cholesteroldowering 
drugs.  The  stndv  had  been  an  initiative  of 
the  National  Advisoiw  Heart  Council  and  it 
completed  enrollment  of  more  than  8,(H)() 
men  in  [nne  1969.  A  preliminaiw  report  on 
the  control  of  lipids  was  given  in  1970.  This 
report  was  more  important  for  its  seminal 
influence  on  the  design  of  randomized  clin¬ 
ical  trials  and  for  findings  of  drug  toxicity 
than  for  the  demonstration  of  major  thera¬ 
peutic  benefits. 

A  randomized  prospective  clinical  trial 
of  the  effect  of  diet  in  preventing  initial 
heart  attack,  reported  in  1969  after  8  vears 
of  stndv  bv  Davton,  Pearce,  and  associates 
in  a  Domiciliai'v  Medical  Seiwice  of  a  Vet¬ 
erans’  Administration  Hospital  in  Los 
Angeles,  showed  a  benef  icial  ef  fect  of  diet 
on  heart  attack  that  was  suggestive  but  not 
statistically  significant.  This  and  other  clin¬ 
ical  .studies  of  dietary  modification  engen¬ 
dered  the  desire  in  the  early  1960s  for  a 
definitive  diet-heart  clinical  trial  in  free- 
living  men  in  the  open  commnnity.  A  large 
mnlticenter  National  Diet-Heart  Study  in 
1962  undertook  a  feasibility  study  for  such 
a  trial  and  e.xamined  issues  of  recruitment, 
diagnostic  criteriic  diet  prescription,  com¬ 
pliance,  and  metabolic  variables.  It  exam¬ 
ined  not  only  common  (juantitative 
chemical  measures  of  lipids  but  also  the 
newly  introduced  physicochemical  mea¬ 
sures  of  lipoproteins.  The  final  report  of 
the  study  in  1968  showed  logistical  feasibil¬ 
ity,  indicated  that  diet  conld  lower  blood 
lipids,  and  paved  the  wav  for  the  conduct  of 
a  definitive  diet-heart  trial.  The  resnlts  of 


the  study  however,  led  to  tlie  couclusion 
that  such  a  trial  would  be  veiw  large  and 
veiw  costly  in  terms  of  both  money  and 
effort.  Its  impracticalitv  led  a  task  force  to 
recommend  in  1971  that  smaller  .scale  well- 
controlled  trials  of  lipid  lowering  by  diet  or 
by  drugs  be  conducted  in  high-risk  popnla- 
tions.  The  task  force  indicated  that  such 
studies  could  be  conducted  bv  already  initi¬ 
ated  Lipid  Research  Clinics,  which  were 
supported  and  coordinated  bv  the  then 
National  Heart  and  Lung  Institute. 

The  Lipid  Research  Clinics  were  a 
multicenter  effort  to  establish  the  distribu¬ 
tion  of  normal  and  abnormal  lipid  metabo¬ 
lism  in  the  countiw.  As  prevalence  studies 
took  shape,  plans  were  made  to  conduct  a 
prospective  randomized  double-blind  clin¬ 
ical  trial  with  a  hypocholesterolemic  agent 
for  the  primaiw  prevention  of  heart  attack 
among  high-risk  men. 

The  Lipid  Research  Clinics  Prevalence 
Study  .screened  more  than  60,000  persons 
at  an  initial  visit  and  determined  lipopro¬ 
tein  distributions  on  almost  14,000  of  them 
at  a  second  visit.  Similarly,  data  were 
acfjnired  on  approximately  16,000  children. 
The  datii,  published  in  1980,  provided 
highly  standardized  (jualitv-controlled  data 
sets  of  great  value  in  describing  age  and  sex 
distributions  of  triglyceride.s,  cholesterol 
and  lipoproteins.  It  was  found  that  plasma 
cholesterol  was  somewhat  lower  than  antic¬ 
ipated  and  that  triglycerides  were  some¬ 
what  higher.  A  decline  in  the  national 
plasma  cholesterol  levels  during  the  1960.S 
appears  to  have  occurred  in  parallel  with 
dietaiT  fat  changes  during  the  same  period. 
Among  many  other  findings,  an  effect  of 
oral  contraceptives  to  raise  plasma  choles¬ 
terol  and  triglycerides  was  reported  as  well 
as  a  beneficial  effect  of  the  use  of  estrogen 
preparations  on  death  rates  among  post¬ 
menopausal  women.  Cigarette  smoking  was 
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found  to  depress  the  beneficial  high-density 
lipoprotein  (HDL).  A  long-term  follow-up 
of  a  portion  of  the  original  cohort  will  pro¬ 
vide  information  on  health  and  disease 
associations  with  ohseiwational  variables 
already  recorded  in  the  study  data  bank. 

The  Coronarv  Prirnarv  Prevention 
Trial  planned  in  1971,  recruited  its  first 
patient  in  1973,  completed  recruitment  in 
1976,  and  completed  data  collection  in 
1983.  Nearly  500,000  middle-aged  men 
were  screened  and  3,810  participated  in 
the  study  They  were  othei^wise  healthy  but 
had  plasma  cholesterol  levels  above  265 
mg/dl  and  low-density  lipoprotein  (LDL) 
levels  above  190  mg/dl.  It  was  a  prospec¬ 
tive  randomized  double-blind  trial  in  which 
all  subjects  were  advised  about  prudent 
diet.  One-half  received  cholestvramine,  an 
oral  bile  acid  sequestrant  and  cholesterol¬ 
lowering  drug.  The  trial  has  shown  conclu¬ 
sively  that  lowering  the  plasma  cholesterol 
of  high-risk  men  in  this  manner  resnlts  in  a 
decreased  attack  rate  and  death  rate  from 
first  heart  attack.  The  data  show  a  high 
degree  of  internal  consistency.  The  study 
did  not  find  clear  evidence  of  toxicity,  and 
the  cohort  is  being  followed  for  any  late 
appearance  of  adverse  effects. 

As  a  consequence  of  this  trial  the  con¬ 
cept  of  a  causal  role  for  hvjoercholesterol- 
emia  in  human  atherosclerosis  is  greatly 
strengthened.  The  finding  now  requires 
application  in  medical  practice  and  public 
healtli.  The  trial  however,  was  with  a  drug 
rather  than  with  diet  and  was  only  in  men. 
Neyertheless,  the  assumption  is  generally 
well  grounded  that  a  similar  qualitative 
effect  could  be  obtained  with  diet  alone 
and  also  in  women.  There  is  general  agree¬ 
ment  in  the  United  States  that  middle-aged 


individuals  with  plasma  cholesterol  levels 
above  240  mg/dl  should  lower  them  by 
diet  ancl  if  necessaiy,  by  medication.  This 
population  represents  about  25  percent  of 
adults.  The  ideal  desirable,  or  attainable 
levels  remain  matters  of  discussion.  The 
average  value  in  the  United  States  today  is 
about  210  mg/dl  and  goal  values  of  below 
200  mg/dl  have  been  suggested  for  adults. 

Two  other  findings  also  mav  be  noted. 
One  is  that  autopsies  reported  from  several 
prospective  cohort  risk  factor  studies  have 
found  that  the  actual  severity  of  arterial 
lesions  or  extent  of  atherosclerotic  plaques 
is  associated  with  the  conventional  risk  fac¬ 
tors,  much  as  clinical  coronary  heart  dis¬ 
ease  is.  The  second  is  that  an  analysis  of  the 
plasma  cholesterol  data  of  the  356,000  ini¬ 
tial  participants  in  the  Multiple  Risk  Factor 
Intervention  Trial  another  Institute- 
sponsored  project  of  research  on  inteiwen- 
tion  against  risk  factors,  found  after  6  years 
of  follow-up  that  there  was  no  threshold  of 
risk  but  that  there  was  a  continuous  gradi¬ 
ent  of  risk  of  heart  attack  at  any  level  of 
plasma  cholesterol. 

It  is  clear  from  these  investigations 
that  the  concern  voiced  in  the  1940s  that 
we  lacked  substantial  evidence  to  associate 
hvj^ercholesterolemia  and  atherosclerotic 
disease  in  man  has  been  laid  to  rest.  Not 
only  do  we  have  detailed  quantitative  infor¬ 
mation  that  they  are  associated,  but  the 
influence  of  the  quantity  and  type  of  diet- 
aiy  fats  on  blood  lipids  and  heart  attack 
rates  has  been  documented  in  humans. 
Moreover,  the  circle  of  argument  has  been 
closed  by  the  demonstration  that  lowering 
plasma  cholesterol  levels  in  high-risk  men 
lowers  the  risk  of  atherosclerotic  heart 
disease  in  a  proportionate  manner.  The 
NHLBI  has  used  this  understanding  of  the 
relation  of  diet,  cholesterolemia,  atheroscle¬ 
rosis,  and  heart  attack  in  its  recently 
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initiated  National  Cliolesterol  Education 
Program  to  inform  and  educate  physicians, 
their  health  care  colleagues,  and  the  public 
about  diet  plasma  lipids,  and  atherosclero¬ 
tic  disease. 

Examining  Lipid  Metabolism 

The  cholesterol  and  cholesterol  ester  con¬ 
tent  of  normal  and  atherosclerotic  aortas 
was  (juantitated  chemically  in  1910,  three 
years  before  the  first  experimental  dietaiw 
cholesterol  model  of  atherosclerosis  was 
deyeloped  in  the  rabbit.  Analysis  was 
extended  to  other  lipids,  and  in  the  early 
1940s,  there  was  a  sound  base  of  quantita- 
tiye  chemical  information  on  bulk  samples 
of  normal  and  diseased  arteries. 

ft  was  generally  accepted  that  the 
amount  of  cholesterol  in  plaques  was  too 
great  to  haye  been  formed  locally  in  the 
artery  and  that  it  must  haye  come  from 
elsewhere.  There  was  the  general  yiew  that 
it  came  from  the  lipids  of  the  blood  with  or 
without  the  mediation  of  some  hyj^othetical 
arterial  injurv'.  This  concept  was  the  “infil¬ 
tration  theory”  of  atherogenesis  anef 
because  of  the  prominence  it  gaye  to  cho¬ 
lesterol  and  other  fats,  it  was  mainly  a  lipid 
theory,  although  it  did  not  exclude  other 
substances  carried  in  the  blood  such  as 
fibrinogen. 

Early  e.xperiments  had  shown  that 
growing  rats  eating  a  diet  free  from  choles¬ 
terol  neyertheless  increased  their  total  body 
cholesterol  as  they  grew.  It  had  been  shown 
in  1920  that  human  infants  e.xcreted  tw'o  to 
four  times  as  much  cholesterol  as  was  con¬ 
tained  in  their  food.  Incubated  chicken 
eggs  were  found  to  contain  more  choles¬ 
terol  than  eggs  that  were  not  incubated. 


()b\  ionsly,  the  organism  can  make  choles¬ 
terol.  In  the  1940s,  it  was  demonstrateef 
with  the  use  of  “heayy”  water,  that  the  body 
can  concert  a  yerv  small  organic  molecule 
like  acetate  to  cholesterol  and  that  about 
13  percent  of  the  hydrogen  atoms  found  in 
the  cholesterol  had  come  from  the  acetate. 

The  congruence  between  the  lipid 
infiltration  theory  and  the  emerging  infor¬ 
mation  from  epidemiologic,  clinicaf  and 
animal  research  led  to  a  growth  of  research 
on  lipid  metabolism.  Research  on  the  cho¬ 
lesterol  metabolic  pathway  progressed  rap¬ 
idly,  drawing  on  the  well-established  field 
of  sterol  biochemistry.  The  adyent  of  radio- 
actiye  tracers  also  adcanced  the  field  rap¬ 
idly,  and  the  complexities  of  the  origin  of 
plasma  cholesterol  studied  by  means  of 
C'^^-labeled  acetate,  veere  under  inyestiga- 
tion  around  1950.  Whether  cholesterol  was 
or  was  not  made  in  situ  in  the  aorta  was 
tested  in  1951,  and  synthesis  was  found  to 
occur  in  rabbits  and  chickens.  Subsequent 
studies,  howeyei;  showed  that  this  effect 
was  species-specific  and  did  not  occur  in 
dogs,  rats,  or  humans.  Moreoyer,  tracer 
experiments  in  dogs  early  in  the  decade  had 
shown  the  transfer  of  cholesterol  from  the 
plasma  to  the  aorta  and  by  1959,  the  same 
effect  was  shown  in  humans.  These  experi¬ 
ments  also  showed  that  cholesterol  was 
transferred  to  arteries  much  faster  than  it 
was  accunndated  and  that  there  must  be 
an  efflu.x.  Tlnrs,  the  infiltration  theorv' 
emerged  as  an  established  concept  rather 
than  merely  an  intellectual  idea.  Concep¬ 
tually  important  work  in  the  mid-196()s 
refined  the  idea  to  indicate  that  the  influx 
of  cholesterol  was  not  a  physical l\'  passiye 
phenomenon,  as  the  term  infiltration  might 
imply,  but  that  the  normal  intimal  tissue 
presented  a  barrier  or  restriction  to  its 
influx. 
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new  approaches  were  taken  between  about 
1947  and  1950  in  the  field  of  protein  chein- 
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Research  continued  on  the  variety  of 
lipoproteins  and  their  origins,  fate,  and 
relationships  to  one  another.  Metabolic  dis 
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An  Important  New  Method  of  Analysis 

A  major  revolution  in  the  field  of  lipid 
inetabolisin  and  atherogenesis  occurred 
when  the  physical-chemical  methods  of 
protein  analysis  were  introduced  to  qnali- 
tate  and  (jnantitate  the  physiological  forms 
in  which  the  water-insoluble  fats  and  cho¬ 
lesterol  were  carried  in  the  blood.  These 
were  methods  for  the  separation  of  lipid- 
protein  complexes,  or  macromolecules,  and 
they  were  based  on  differences  in  density  or 
in  electrical  charge  and  size.  They  repre¬ 
sented  the  measurement  of  biologically 
valid  and  relevant  forms  of  molecules 
called  lipoproteins  rather  than  nonbiologi- 
cal  solvent-extracted  chemical  lipids.  These 


tv]5e  or  disturbances  secondary  to  other 
diseases  proved  illuminating  and  as  noted 
above,  the  protein  moieties  of  lipoproteins 
came  under  study.  They  became  known  as 
apoproteins  in  reports  in  the  late  1950s 
and  mid-196()s.  It  was  felt  that  study  of  the 
molecular  structure  and  function  of  the 
apoproteins  would  lead  to  more  fundamen¬ 
tal  and  informative  metabolic  issues. 

Classifying  Lipoproteins 

The  intramural  research  laboratories  of  the 
then  Nfll  made  very  important  contribu¬ 
tions  in  the  late  1960s  to  a  system  of  classi¬ 
fication  of  the  various  tyi^es  of  clinical 
hv|)erlipemia  in  terms  of  lipid  and  lipopro¬ 
tein  patterns.  The  classification  consisted 
of  five  tv]:)es  based  on  various  criteria.  Four 
classes  of  lipoproteins  called  chylomicrons, 
very  low-density  lipoproteins  (VLDL),  low- 
density  lipoproteins  (LDL),  and  high- 
density  lipoproteins  (HDL)  had  been 
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isolated  hv  various  methods.  It  was  appar¬ 
ent  that  LDL  was  a  particularly  atherogenic 
lipoprotein  and  VLDL  was  not  suspect.  In 
particular,  rare  individuals  were  found  to 
he  genetically  homozygous  for  elevated  lev¬ 
els  of  LDL  (homozygous  familial  Ty|re  I 
disease).  This  inborn  error  of  metabolism, 
first  described  in  1938,  is  now  called  famil¬ 
ial  hyjDercholesterolemia  (FH).  Persons 
with  FH  have  very  high  levels  of  LDL 
cholesterol  and  suffer  premature  athero¬ 
sclerosis  and  heart  attack,  even  in  child¬ 
hood.  Biologically  meaningful  associations 
between  variations  in  lipid  metabolism 
and  clinical  atherosclerotic  disease  were 
being  drawm,  and  the  laboratory  diagnosis 
of  these  variations  was  being  put  on  a 
firm  basis. 

In  the  early  1960s,  the  infiltration  con¬ 
cept  was  strengthened  further  with  the  use 
of  the  immunogenic  lipoproteins  to  gener¬ 
ate  antibodies,  which  were  then  used  to 
identify  by  immnnohistochemistrv,  the 
presence  of  serum  proteins,  including  beta- 
lipoprotein  (LDL),  in  the  arterial  wall. 
Research  in  lipid  metabolism  in  the  1970s 
followed  two  main  paths.  One  was  to  gain 
understanding  of  the  synthesis,  degrada¬ 
tion,  and  metabolic  interrelationships  of 
the  lipoproteins  transported  in  the  blood. 
The  other  was  to  study  the  economy  or 
metabolism  of  cholesterol  at  the  cellular 
and  molecular  levels.  In  each  case,  the 
research  was  facilitated  greatly  bv  the 
investigation  of  genetic  variants  of  lipid 
metabolism  in  humans,  and  enormous 
technical  advances  that  had  occurred 
in  the  methodology  of  biochemistrv' 
and  protein  chemistrv'. 


Understanding  the  Cellular  Metabolism 
of  Cholesterol 

Cholesterol  is  a  comple.x  four-ring  structure 
that  can  be  made  in  the  body  from  a  simple 
substrate  through  a  pathway  involving  at 
least  30  enz\anatic  steps.  It  is  not  soluble  in 
water.  It  helps  to  form  the  membranes  of 
cells.  It  is  essential  to  life  and  to  the  func¬ 
tioning  of  the  body’s  cells.  Its  transport 
in  lipoproteins  provides  solubility  in 
the  blood. 

Understanding  of  the  cellular  metabo¬ 
lism  of  cholesterol  came  from  a  series  of 
studies  that  began  in  an  attempt  to  under¬ 
stand  FH.  Fibroblasts  from  the  skin  of  nor¬ 
mal  patients  and  of  patients  with  FH  were 
studied  in  cultures  of  cells  exposed  to  lipo¬ 
proteins  or  deprived  of  them.  The  results, 
measured  by  a  rate-limiting  enzyme  near 
the  beginning  of  the  cholesterol  synthetic 
pathway  (HMG  CoA  reductase),  showed 
that  the  presence  of  cholesterol  (lipopro¬ 
tein)  caused  normal  cells  to  suppress  the 
enzvme  and  the  relative  absence  of  choles¬ 
terol  to  enhance  it.  FH  cells  were  unrespon¬ 
sive.  LDL  was  the  effective  lipoprotein,  and 
it  was  effective  at  very  low  concentrations. 
Additional  experiments,  which  smuggled 
cholesterol  into  FH  cells,  showed  that  the 
enzvme  was  then  suppressed  and  it  was 
concluded  that  the  failure  noted  above 
must  be  a  genetic  fault  with  the  normal 
mechanism  of  entry  of  cholesterol  into  the 
cell  The  fault  was  found  to  be  a  lack  on  the 
cell  membrane  of  a  high-affinitv  receptor 
to  l)ind  and  to  internalize  LDL  into  the 
cell.  Additional  experiments  disclosed  that 
receptors  for  LDL  were  mnltidomain  glyco¬ 
proteins  that  gathered  in  pits  in  the  cell 
membrane  and  then  entered  the  cell  where 
the  protein  of  the  bound  LDL  was  digested 
its  cholesterol  esters  were  hydrolysed  and 
the  receptor  was  returned  to  the  cell  sur¬ 
face  to  repeat  its  LDL  binding  and  cell 
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entiy  cycle  about  every  10  minutes.  The 
cholesterol  delivered  to  the  cell  depressed 
HMG  CoA  reductase  and  hence  cellular 
cholesterol  synthesis.  It  also  depressed  the 
formation  of  new  receptors.  The  cholesterol 
was  reesterified  for  cell  use  by  an  enzyme 
(ACAT)  in  the  form  of  cholesteryl  oleate.  It 
also  was  found  that  FH  could  be  a  result  of 
different  genetic  structural  defects  in  the 
receptor — that  is,  failure  of  the  receptor  to 
migrate  to  the  cell  surface,  failure  to  gather 
in  pits  and  enter  the  cell,  failure  to  bind 
LDL,  and  failure  to  form  adequate  num¬ 
bers  of  receptors.  By  1985,  the  structure  of 
the  LDL  receptor  gene  was  known.  It  is 
located  on  chromosome  19  and  is  com¬ 
posed  of  18  exons  and  17  introns.  It  shows 
evolutionary  conservation  of  structure  or 
homology  with  the  C9  component  of  com¬ 
plement  with  epithelial  growth  factor  pre¬ 
cursor,  and  with  factors  IX  and  X  and 


protein  C  of  the  blood-clotting  system.  The 
molecular  structure  of  some  mutations  in 
the  receptor  gene  have  been  described. 

Understanding  the  LDL  receptor- 
mediator  pathway  of  cellular  cholesterol 
homeostasis  has  the  most  fundamental  bio¬ 
logical  importance  since  cholesterol  is  an 
essential  building  block  of  all  cell  mem¬ 
branes.  The  understanding  also  has  had  a 
profound  influence  on  our  concepts  of  how 
cells  in  atherosclerotic  plarpies  may  accu¬ 
mulate  lipids  and  how  the  levels  of  circulat¬ 
ing  or  transport  lipoprotein  may  be  set.  In 
the  first  instance,  it  has  turned  attention  to 
how  various  cells,  such  as  liver  cells,  vascu¬ 
lar  smooth  muscle  cells,  and  macrophages, 
may  utilize  specific  or  nonspecific  receptor 
mechanisms  to  take  up  lipoproteins.  In 
the  second  instance,  it  has  focused  on  the 
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LDL  receptor  present  in  the 
plasma  membrane  of  most  bodij 
cells 


Receptor-mediated  uptake  of 
plasma  LDL  and  processing  by 
the  cell. 


receptor-mediated  degradation  of  lipopro¬ 
teins  and  the  roles  of  apoproteins  in 
lipoprotein-receptor  interactions.  Some 
receptor  mechanisms  participate  in  feed¬ 
back  regnlatorv  systems  (LDL),  but  others 
do  not  (macrophage  scavenger  receptor). 

In  the  197()s,  it  was  found  that  labeled 
LDL  was  removed  from  the  circulation  of 
patients  heterozvgous  for  FIf  more  slowly 
than  from  normal  people.  This  finding  cor¬ 
related  roughly  with  receptor  deficiency. 

It  was  reasoned  that  approximately  two- 
thirds  of  LDL  removal  from  the  blood  is  bv 
the  LDL  receptor  mechanism.  Later  work 
showed  that  about  70  percent  of  the  uptake 
of  LDL  in  the  body  occurs  in  the  liver,  wath 
lesser  fractions  occurring  in  other  organs. 

By  the  early  198()s,  it  was  clear  that  a 
major  factor  in  blood  cholesterol  (LDL) 
levels  had  to  be  attributed  to  receptor- 
mediated  LDL  degradation  balanced 
against  input  from  dietarv'  absorption  and 
synthesis.  Moreover,  it  was  clear  that  the 
receptor  and  HMG  CoA  reductase  path¬ 
ways  offered  potential  for  the  treatment 
of  hy|5ercholesterolemia  by  attempting  to 
increase  the  number  of  receptors,  bv  inhib¬ 
iting  HMG  GoA  reductase,  or  bv  both. 
Gomparative  studies  in  various  animals 
and  developmental  studies  in  humans  of 
LDL  receptors  as  a  homeostatic  mechanism 
also  suggested  that  much  lower  blood  cho¬ 
lesterol  levels  may  be  more  natural  than 
those  experienced  by  the  US.  popidation 
today. 

While  the  complex  stoiw  of  the  cellular 
economy  of  cholesterol  was  being  eluci¬ 
dated  parallel  studies  of  lipoprotein  metab¬ 
olism  and  transport  in  the  blood  and  K  inph 
fluid  were  being  advanced.  The  levels  of  the 
various  lipoproteins  in  the  plasma  are 
determined  bv  the  dvmamic  equilibrium 
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between  their  formation,  interconversioa 
and  degradation,  and  these  phenomena 
were  brought  under  closer  scrutiny. 

The  Role  of  Apoproteins 
Lipoprotein  particles  are  complexes  that 
comprise  a  core  of  fat  and  cholesterol  made 
soluble  in  the  plasma  by  a  surface  layer  of 
phospholipids  and  proteins  that  are  com¬ 
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patible  with  both  fat  and  water.  Lipopro¬ 
tein  particles  range  in  size  from  the  very 
large  chylomicrons  to  the  small  high  den¬ 
sity  lipoproteins,  and  they  vary  from  one 
another  in  protein  and  lipid  composition. 
The  smaller  species  are  poor  in  triglyceride 
fat  while  the  larger  are  rich  in  fat.  The 
lipoproteins  were  found  to  have  complex 
apoprotein  composition.  Of  special  interest 
among  the  dozen  or  more  that  have  been 
identified  are:  apoprotein  B  (the  critical 
apoprotein  of  LDL  and  VLDL)  and  apo¬ 
proteins  AI  and  All  and  E  in  HDL.  Apo¬ 
proteins  Cl  and  Cl  I  occurring  in  VLDL 
were  found  to  be  important  for  the  action 


of  lipoprotein  lipase  and  the  action  of 
another  important  enzyme  called  lecithin 
cholesterol  acyl  transferase  (LCAT). 

In  further  work  on  the  apoprotein 
composition  of  lipoproteins,  it  has  been 
found  that  apoproteins  are  not  only  essen¬ 
tial  for  solubilizing  the  lipids  for  transport 
in  the  blood  but  they  also  confer  on  the 
various  lipoproteins  precise  receptor- 
mediated  interactions  with  the  cells  of  the 
liver  and  other  organs  and  tissues.  Thus  it 
has  been  found  that  there  are  two  major 
apoprotein  B  forms.  One,  apo-B-48,  is  a 
major  constituent  of  chylomicrons  from 
the  gut  while  apo-B-100  predominates  in 
VLDL  formed  by  the  liver  and  thus  pre¬ 
dominates  in  LDL.  An  additional  apopro¬ 
tein,  apo-E,  is  present  on  chylomicrons  and 
their  remnants  and  on  VLDL.  The  liver  has 
an  apo-B/E  receptor  that  binds  LDL  and 
probably  IDL  (intermediate  density  lipo¬ 
protein),  while  a  distinct  E  receptor  binds 
chylomicron  remnants  (see  below).  The 
LDL  receptor  in  peripheral  tissues  binds 
apo-B.  Apoprotein  E  also  has  been  found  to 
show  genetic  heterogeneity.  Of  special  note 
is  that  apoprotein  E  is  important  to  the 
receptor  binding  in  the  liver  of  a  form  of 
HDL  that  arises  in  the  plasma  when  typical 
HDL  acquires  apo-E  synthesized  by  various 
cells  in  the  body  or  from  other  lipoproteins. 
It  appears  that  this  form  of  HDL  can 
accept  cholesterol  from  body  tissues  and 
carry  it  to  the  liver  for  excretion.  This 
mechanism  provides  a  biological  explana¬ 
tion  for  the  epidemiologic  observation  that 
a  relatively  raised  HDL  cholesterol  level  is 
a  beneficial  risk  factor  protective  against 
heart  attack.  Recent  research  has  made  it 
clear  that  the  apoproteins  (of  the  lipopro¬ 
teins)  regulate  their  specific  metabolic 
functions  and  that  they  can  direct  cell 
surface  receptor-lipoprotein  interactions. 
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Our  current  understanding  of 
normal  events  as  enlarged  and  developed 
hv  research  over  the  past  decade  is  that 
dietarv'  fats  are  absorbed  from  the  intes¬ 
tine,  facilitated  by  the  intestinal  svnthesis 
of  apo-B-48,  and  appear  as  Ivmph  chylomi¬ 
crons  in  the  blood.  There,  apo-C  and  -E  are 
transferred  to  them  from  HDL  and  allow 
lipoprotein  lipase  and  LXIAT  to  act.  The 


Phases  of  chylomicron  metabo¬ 
lism:  (1)  intestinal  synthesis: 
(2)  hydrolysis  of  trioh/ceride 
in  peripheral  tissues  to  form 
remnants:  (3)  hepatic  removal 
of  remnants 


Synthesis  of  VLDL  and  conver¬ 
sion  of  the  LDL  remnants  to 
LDL 
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fat-rich  chvlomicrons  also  carry  cholesterol 
from  the  diet,  from  cholesterol  e.xcreted  in 
the  bile,  and  from  cholesterol  newly  svnthe- 
sized  bv  the  gut  in  the  form  of  cholesterol 
ester.  The  lipoprotein  lipase  digests  the  fat 
in  the  chylomicrons  and  forms  chylomicron 
remnant  particles,  which  are  rapidly 
removed  bv  the  liver  through  receptor- 
apoprotein-E  binding.  Thus,  cholesterol  and 
fattv  acid  energy  are  supplied  to  the  liver. 

Similarlv  to  the  intestine,  the  liver 
secretes  triglyceride  and  cholesterol-rich 
particles  in  the  form  of  VLDL  when  stimu¬ 
lated  bv  increased  concentrations  of  fatty 
acids  or  carbohydrates.  They  contain 
apo-B-100,  apo-C,  and  apo-E,  and  lipopro¬ 
tein  lipase  acts  to  convert  them  to  IDE  and 
LDL.  The  IDE  is  removed  largely  by  the 
liver  through  apo-B/D  receptors. 

While  LDL  has  been  recognized  for 
many  years  as  a  preeminent  atherogenic 
protein,  there  is  growing  evidence  that  in 
the  heterogeneity  of  the  VLDDIDL  cas¬ 
cade,  and  perhaps  also  among  the  chylomi¬ 
cron  remnant  particles,  other  important 
atherogenic  species  of  lipoproteins  occur. 

LDL  is  formed  primarily  from  the  deg¬ 
radation  of  VLDL.  It  is  relatively  enriched 
in  cholesterol  having  lost  its  fat  to  diges¬ 
tion  by  lipoprotein  lipase.  Its  protein  por¬ 
tion  is  almost  entirelv  apo-B.  As  noted 
earlier,  the  degradation  of  LDL  occurs  in 
the  liver  and  peripheral  tissues  in  large  part 
through  binding  to  the  high-affinitv  LDL 
receptor  on  the  surface  of  the  cell  mem¬ 
brane,  followed  bv  internalization  into  the 
cell  and  digestion  within  it.  This,  in  turn, 
minimizes  the  cellular  svnthesis  of  new 
cholesterol  bv  inhibiting  IIMG  CoA  reduc¬ 
tase,  reduces  the  sxmthesis  of  new  receptors, 
and  increases  the  esterification  of  choles¬ 
terol  bv  the  cells.  This  process  is  critical  in 
establishing  the  homeostasis  of  the  circulat¬ 
ing  levels  of  LDL  in  the  blood. 
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Components  of  HDL  originate  in  the 
liver,  intestine,  and  plasma.  Apo-AI,  II,  and 
IV  are  secreted  by  the  intestine  and  are 
part  of  the  chylomicron  particle.  In  the 
course  of  degradation  of  the  fatty  cores  of 
these  particles  (chylomicrons  and  VLDL), 
an  excess  of  protein,  phospholipid  and  cho¬ 
lesterol  appears  as  surface  material  that 
can  be  a  source  of  HDL.  Additionally,  it 
appears  that  the  liver  and  intestine  secrete 
particles  efficient  in  cholesterol  esters, 
which  are  converted  to  HDL  by  LCAT. 
There  is  considerable  heterogeneity  in  HDL 
particle  size  and  composition.  Typical  HDL 
does  not  contain  apo-E  and  does  not  bind 
to  liver  cells.  However,  it  can  acquire  apo-E 
secreted  from  various  cells  or  from  the 
surface  of  other  lipoproteins,  and  it  then 
appears  to  be  an  effective  carrier  or  reverse 
transport  mechanism  for  delivering  choles¬ 
terol  from  cells,  tissues,  and  the  plasma 
to  other  lipoproteins  and  to  the  liver  for 
excretion  after  binding  to  apo-E  receptors 
on  the  liver  cells. 

About  three-quarters  of  the  plasma 
cholesterol  is  synthesized  in  the  liver  and 
intestine,  while  about  one-quarter  is  exoge¬ 
nous  from  the  diet.  From  the  dietary  point 
of  view,  while  there  are  some  differences 
among  different  mammals,  the  effect  of 
feeding  relatively  high  fat  and  cholesterol 
diets  is  to  produce  significant  but  some¬ 
times  subtle  changes  in  plasma  lipoproteins 
of  the  kind  associated  with  accelerated 
atherosclerosis.  The  principal  changes  are 
the  appearance  of  HDL  with  acquired 
apo-E,  a  decrease  in  typical  HDL(without 
apo-E),  an  increase  in  LDD  and  the  occur¬ 
rence  of  beta-VLDD  which  is  a  newly 
formed  lipoprotein  that  may  arise  from 


chylomicron  remnants  or  may  be  newly 
secreted  by  the  liver  under  the  stimulus  of 
the  diet.  Beta-VLDL  is  actively  accumu¬ 
lated  by  macrophages  to  produce  cells  with 
a  foamy  cytoplasm  like  those  seen  in  athe¬ 
rosclerotic  plaques.  It  recently  has  been 
found  that  similar  but  more  subtle  and  het¬ 
erogeneous  changes  can  occur  as  transient 
events  shortly  after  meals.  The  question 
of  brief  but  repeated  and  cumulative  athe¬ 
rogenic  stimuli  from  particular  species 
of  postprandial  lipoproteins  within  the 
heterogeneous  response  to  diet  is  a  current 
research  issue. 

Recent  years  have  seen  the  application 
of  the  techniques  of  molecular  biology  to 
the  study  of  lipoprotein  structure  and  func¬ 
tion.  The  major  apoproteins  have  been 
sequenced  by  analyzing  the  array  of  the 
amino  acids  that  make  them  up,  and  this 
information  has  been  used  to  detect  genetic 
variants  in  some  of  them,  for  example,  in 
the  substitution  of  single  amino  acids  at 
specific  locations  in  apo-E.  These  substitu¬ 
tions  affect  the  receptor  binding  capacity  of 
apo-E.  The  most  recent  apoprotein  to  have 
its  structure  elucidated  has  been  apo-B,  a 
very  large  apoprotein  technically  difficult 
to  study.  Its  structure  was  elucidated  by 
recombinant  DNA  techniques.  The  genes 
for  several  of  the  apoproteins  have  been 
located  on  particular  chromosomes,  and 
the  gene  structure  of  several  has  been 
elucidated. 

Forty  years  of  research  have  progressed 
from  the  study  of  lipids  as  e.xtracts  mea¬ 
sured  by  analytical  chemistry  to  the  appli¬ 
cation  of  protein  chemistry,  the  study  of 
lipoprotein  structure  and  function  in 
metabolism,  the  application  of  molecular 
biology,  and  the  identification  of  gene 
structure  and  function. 
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The  Development  of 
Atheroselerotie  Plaque 

The  reactions  of  the  arterial  wall  that  com¬ 
prise  arteriosclerosis  are  at  once  limited 
and  varied — limited  because  the  reacting 
arterv  is  composed  of  only  a  tew  kinds  of 
cells  and  varied  because  these  cells  have  a 
range  of  responses  that  can  be  combined  in 
manv  wavs.  The  arteriosclerotic  reaction  is 
localized  or  focal,  ft  results  in  an  increased 
x’olnme  of  tissue,  which  is  space-occup\ang 
and  is  called  a  plaque.  It  does  not  occur  at 
random  but  is  systematic  and  shows  pat¬ 
terns  of  localization  and  secpiences  of 
occurrence  in  different  arteries.  Degenera¬ 
tive  changes  can  be  superimposed  on  its 
developmental  stages.  When  the  plaques 
are  laiw,  they  can  restrict  blood  flow  and 
can  be  the  site  of  arterial  blockage  when  a 
blood  clot  or  thrombus  forms  upon  them. 
This  capacitv  for  obstruction  is  the  main 
reason  for  their  clinical  importance. 

Fortv  years  ago,  the  variety  of  human 
lesions  had  been  well  described  by  conven¬ 
tional  pathology  and  light  microscopy  An 
experimental  model  in  cholesterol  and  fat- 
fed  rabbits  had  been  described  in  1913,  and 
a  varietv  of  metabolic  e.xperiments  of  a 
descriptiv'e  tvq^e  had  been  performed.  Other 
animal  models  using  chickens,  dogs,  and 
nonhuman  primates  were  just  being  devel¬ 
oped.  The  infiltration  lipid  hvpothesis  had 
been  emphasized  by  the  animal  researcli, 
and  an  injurv-repair  modification  of  it  had 
been  carefully  argued  in  1935.  By  1948,  the 
proliferation  of  cells  in  experimental 
plaques  had  been  documented  bv  describ¬ 
ing  mitotic  acti\  ity  in  them.  Bv  1950,  the 
phagocvtic  activity  of  macrophage  foam 
cells  in  experimental  plaques  had  been 


demonstrated  Iw  showing  that  they  could 
take  up  small,  finely  dispersed  particles 
from  the  blood  stream. 

The  proliferative  aspect  of  plaques  in 
experimental  athero.sclero.sis  subsequently 
was  studied  in  detail  by  the  application  of 
tritiated  thvmidine  as  a  radioautographic 
marker  for  the  division  of  cell  nnclei.  The 
technique  was  introduced  to  atherosclerosis 
research  in  1962  and  subsequently  elabo¬ 
rated  to  study  cell  population  dynamics 
under  a  variety  of  e.xperimental  condition.s, 
such  as  diet  or  vascular  injury  and  healing. 
It  was  shown  that  endothelial  cells,  vascu¬ 
lar  smooth  muscle  cells,  and  macrophages 
could  divide  aud  midtiplv  and  that  the 
placjue  was  a  hyjierplastic  lesion. 

Plaques  are  composed  not  only  of  an 
excessive  number  of  cells  but  also  of  extra¬ 
cellular  materials  such  as  lipids  (which  are 
also  intracellular),  fibrin,  and  cell  products 
such  as  collagen,  elastin,  and  jelly-like  gly¬ 
coproteins  that  fill  the  spaces  between  cells 
and  separate  them.  However,  both  collagen 
and  glycoprotein  chemistry  were  not  well 
developed  in  the  195()s  and  196()s,  and  only 
morphological  descriptions  could  be  given. 
Lipid  chemistry  was  much  more  advanced 
and  a  detailed  account  of  the  several 
kinds  of  lipids  and  their  proportions  and 
amounts  was  possible.  Research  on  placpies 
up  to  about  1970  was  primarily  descriptive 
and  nonqnantitative.  It  sought  to  under¬ 
stand  the  varietv  of  lesions  and  their  tem¬ 
poral  seqnence  and  the  earliest  changes  in 
the  arteries  that  could  be  detected  with  the 
microscope.  The  concept  was  already  well 
established  that  it  was  much  more  impor¬ 
tant  and  perhaps  easier  to  understand  the 
beginnings  of  placjues  than  their  more 
advanced  variable,  and  complex  expres¬ 
sions.  It  was  a  concept  justified  on  the 
practical  grounds  that  it  woidd  be  better 
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Potential  role  in  extracellular 
and  intracellular  lipid  accumu- 

to  prevent  the  initiation  and  progression 
lation  in  atherogenesis  ^ 

of  plaques  than  to  seek  to  cure  advanced 
pathological  changes. 

Among  the  important  findings  prior 
to  1970  were  the  realization  that  blood  clot 
materials  such  as  thrombi  and  fibrin  could 
elicit  a  plaquedniilding  reaction  from  the 
artery  the  identification  of  arterial  smooth 
muscle  cells  as  major  components  of 
plafjues  (these  cells  had  been  regarded  as 
fihrocytes  or  primitive  connective  tissue 
cells),  and  a  large  geographic  pathological 
study  of  the  prevalence  and  extent  at 
autopsy  of  the  simple  plaques  of  childhood 
(fatty  streaks)  and  of  the  forms  of  plaques 
seen  in  adults  (fibrous  and  complicated 
lesions).  Toward  the  latter  part  of  this 
period  enormous  methodological  advances 
were  made  in  the  application  of  the  elec¬ 
tron  microscope  and  of  immunohistochem- 
ical  and  tracer  methods  to  placjnes. 

A  specidation  dating  from  fS52  was 
restated  in  1946  and  elaborated  in  subse- 
(juent  years — that  blood  clot  materials 
might  encrust  the  surface  of  arteries  and 
lead  to  plaque  development  by  the  ingrowth 
of  vascular  wall  cells  into  the  clot  to  con¬ 
vert  it  to  scar  tissue  by  normal  repair  or 
healing  processes.  This  pathway  for  the 


development  of  plaques  is  obviously  differ¬ 
ent  from  the  lipid  infiltration  pathway.  Its 
validity  was  strengthened  by  the  applica¬ 
tion  to  human  plaques  of  immunohistoche- 
mical  probes  for  fibrin  in  1960  and  lor 
blood  platelets  in  1965.  It  was  found  that 
fibrin  occurred  in  both  fatty  streaks  and 
adult  lesions.  Moreover,  it  could  be  identi¬ 
fied  both  in  the  body  of  plaques  and  on  the 
lumenal  surface,  which  suggested  the  oper¬ 
ation  of  both  encrustation  and  infiltration 
mechanisms.  Fibrin  was  a  very  frequent 
finding  in  human  plaques.  In  contrast, 
platelet  antigens  commonly  were  identified 
in  advanced  plaques  but  were  sparse  in 
fatty  streaks,  which  raised  doubts  about 
their  participation  in  the  early  development 
of  plaques.  Nevertheless,  the  frequent  par¬ 
ticipation  of  blood  coagulation  proteins  and 
platelets  in  plaque  building  was  well  e,stab- 
lished  by  1970.  What  was  not  established 
and  what  remains  controversial  today  is 
whether  these  elements  participate  at  the 
start  of  plaque  formation,  whether  there  is 
a  class  of  plaques  that  forms  exclusively  by 
this  pathway,  and  whether  these  mecha¬ 
nisms  have  a  role  in  what  is  called  diffuse 
intimal  thickening  of  arteries — a  thicken¬ 
ing  some  investigators  believe  provides 
the  tissue  substrate  for  subsequent  plaque 
formation. 

The  realization  that  vascular  smooth 
muscle  cells  were  very  common  in  plaques 
came  in  about  1960  with  improved  meth¬ 
ods  of  microscopy.  Not  only  were  smooth 
muscle  cells  identified  in  surroundings 
where  they  had  to  be  the  source  for  adja¬ 
cent  collagen  and  glycosaminoglycan  for¬ 
mation,  but  transitional  forms  of  smooth 
muscle  cells  to  lipid-rich  foam  cells  like 
the  foam  cells  of  macrophage  origin  were 
identified  by  electron  microscopy.  The 
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production  of  connective  tissue  proteins  bv 
vascular  smooth  muscle  cells  in  cell  culture 
was  shown  hy  1971.  Such  findings  also 
were  confirmed  in  the  more  advanced 
lesions  of  cholesterol-fed  experimental  ani¬ 
mals  and  led  to  a  period  of  intense  interest 
in  vascular  smooth  muscle  cells  and  athero- 
genesis.  That  monocytes  could  gather 
within  a  few  davs  in  focal  masses  in  the 


Proposed  mechanism  for  the 
possible  development  of  an 
atherosclerotic  plaque. 


aortic  intima  of  cholesterol-fed  rabbits  was 
shown  in  1957,  and  their  prompt  acquisi¬ 
tion  of  lipid  droplets  and  conversion  to 
macrophage  foam  cells  was  described. 
Recent  studies  utilizing  the  scanning  elec¬ 
tron  microscope  have  shown  the  adherence 
of  monocytes  from  the  blood  in  groups  on 
arterial  endothelium  and  their  migration 
through  the  endothelial  membrane  into 
the  intima,  and  their  conversion  there 
into  lipid-containing  macrophages  as 
early  steps  in  the  experimental  initiation 
of  atherosclerotic  plaques. 

As  investigators  entered  the  1970s, 
they  had  evidence  that  plaques  could  arise 
by  at  least  two  pathways  and  were  prolifer¬ 
ative,  that  dividing  and  secretory  smooth 
muscle  cells  were  important  components, 
that  monocvte/macrophages  participated, 
and  that  lipid  infiltration  and  accumulation 
were  hallmarks.  However,  the  relative  par¬ 
ticipation  of  these  various  elements  was  not 
clear,  and  there  was  no  substantial  informa¬ 
tion  about  pathobiological  mechanisms. 


Research  on  Plaque  Using 
Autopsy  Studies 

At  the  end  of  the  decade,  the  International 
Atherosclerosis  Project,  supported  by  the 
then  N  H  I,  published  a  report  on  the  extent 
of  the  severitv  of  atherosclerosis  of  the 
human  aorta  and  coronary  arteries  seen  at 
autopsy.  The  authors  reported  on  findings 
in  over  21,000  autopsies  of  individuals  aged 
10  to  69  years.  Two-thirds  were  male; 
about  one-half  were  white,  one-quarter 
black,  and  one-(juarter  Native  American. 
Fourteen  countries  were  represented,  of 
which  one  was  in  Europe  and  the  remain¬ 
der  were  in  the  Americas.  This  study 
reported  on  the  extent  of  fatty  streaks, 
fibrous  plaques,  and  complicated  lesions 
seen  in  these  various  populations — some 
of  which  had  high  death  rates  from  heart 
attack,  while  others  did  not.  While  the 
average  extent  of  atherosclerosis  varied  in 
the  different  populations,  the  characteris¬ 
tics  of  the  plaques  did  not  seem  to  differ 
from  one  country  to  another.  It  was  docu¬ 
mented  also  that  while  the  extent  of  ath¬ 
erosclerosis  of  the  coronary  arteries  in 
patients  with  coronary  heart  disease  could 
vary  considerably,  there  was  an  average  or 
“threshold”  extent  for  heart  attack  that  was 
the  same  in  all  countries,  regardless  of  the 
marked  variations  in  death  rates  from  heart 
attack  between  them.  A  somewhat  surpris¬ 
ing  finding  was  that  the  extent  of  fattv 
streaks  of  the  aorta  and  coronary  arteries 
in  young  persons  (10  to  24  years  of  age) 
was  about  the  same  in  countries  that  had 
low  mortality  rates  from  heart  attack  as  in 
countries  with  high  rates.  Moreover,  fatty 
streaks  of  the  coronary  arteries  were  at 
least  as  extensive  in  females  as  in  males;  in 
fact,  they  were  most  extensive  in  young 
black  women.  Since  it  commonly  was  held 
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that  such  fatty  streaks  were  tlie  precursors 
of  adult-type  plaques,  it  was  clear  that 
either  this  view  was  mistaken  or  some 
kind  of  selective  process  was  at  work.  It 
is  a  problem  that  is  not  solved  today  hut 
recently  has  come  under  intensive  research. 

Another  important  finding  during  this 
period  came  from  autopsies  on  young  men 
killed  in  the  Korean  and  Vietnam  wars. 

The  studies  were  not  extensive,  but  they 
documented  clearly  that  young  men  in  their 
late  teens  and  twenties  could  have  raised 
fibrous  plaques  in  their  coronaiy  arteries 
that  narrowed  the  arteries  appreciably.  A 
minority  of  individuals  at  this  age  already 
had  adidt-ty|3e  plaques.  The  findings  were 
profoundly  influential  for  those  interested 
in  preventive  medicine  since  they  implied  a 
still  more  youthful  onset  of  atherosclerosis 
and  made  it  a  “pediatric  disease.”  The  ques¬ 
tions  of  the  prevalence  and  development  of 
such  lesions  in  youth  remain  unresolved, 
but  they  have  come  under  study  recently.  It 
has  been  found  that  an  occasional  individ¬ 
ual  as  young  as  15  years  of  age  may  show 
well-developed  coronary  lesions  in  a  dif¬ 
fusely  thickened  intima  that  are  transi¬ 
tional  in  appearance  between  fatty  streaks 
and  the  tyj^ical  raised  fibrofatty  lesions 
of  adult  type. 

Using  Cell  Biology  To  Study  Plaque 

Although  the  study  of  plaque  was  largely 
descriptive  in  morphological  or  biochemi¬ 
cal  terms  until  about  1970,  important 
hypotheses  existed  and  they  could  be 
tested  in  terms  of  descriptive  variables.  In 
the  1970s,  cell  and  tissue  culture  methods 
using  sensitive  and  specific  biochemical 


micromethods  were  applied  especially 
methods  for  the  identification  of  proteins. 
Research  in  atherosclerosis  adopted  the 
methods  and  science  base  of  cell  biology 
and  became  reductionist  in  character  and 
for  the  first  time,  methods  to  study  the 
detailed  mechanisms  of  components  of 
plaque  development  became  readily  avail¬ 
able.  Descriptive  research  became  less  com¬ 
mon,  and  research  on  living  animals  was 
reduced  in  favor  of  cell  culture  studies, 
which  offered  relatively  simple  systems  for 
study.  One  landmark  study  of  mechanisms 
that  already  has  been  mentioned  was  the 
discovery  of  the  cell  surface  high-affinity 
LDL  receptor.  Elucidation  of  the  economy 
of  cholesterol  metabolism  at  the  cellular 
and  molecidar  levels  has  been  profoundly 
informative  and  influential.  A  second 
important  contribution  has  come  from  the 
identification  of  a  growth  factor  carried  by 
blood  platelets  that  stimulates  vascular 
smooth  muscle  cells  to  divide. 

Platelet-Derived  Growth  Factor  and 
Atherogenesis 

It  was  observed  in  cultures  of  vascular 
smooth  muscle  cells  that  when  platelets 
were  removed  from  the  serum  used  in  the 
culture  medium,  the  cells  did  not  multiply 
as  usual.  Restoration  of  platelet-rich 
medium  stimulated  cell  division.  This 
observation  was  verified  indirectly  in 
intact  animals  subjected  to  an  atherogenic- 
stimulus  in  which  platelet  activity  was 
suppressed.  In  one  model  in  which  a  large 
area  of  arterial  endothelium  was  denuded 
mechanically,  platelet  suppression  inhibited 
the  florid  proliferation  of  smooth  muscle 
cells  that  ordinarily  follows  such  vascular 
injury.  Subsequent  work  followed  two 
directions:  to  seek  further  understanding 
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at  the  molecular  level  and  to  study  experi¬ 
mental  variations  in  living  animals  to 
ascertain  how  the  phenomenon  partici¬ 
pated  in  atherogenesis. 

Research  at  the  molecidar  level  puri¬ 
fied  the  factor,  determined  its  molecidar 
weight  and  provided  its  partial  structural 
sequence  of  amino  acids.  A  specific  recep¬ 
tor  for  the  platelet-derived  growth  factor 
(PDGF)  is  found  on  the  smooth  muscle  cell 
surface.  A  finding  of  great  interest  was  that 
the  PDGF  amino  acid  sequence  and  that 
of  a  transforming  protein  derived  from  an 
oncogene — under  parallel  study  iu  the  field 
of  cancer  biology —  contained  extensive 
domains  of  similarity;  the  homology  was 
87  percent.  There  was  congruence  between 
this  normal  growth  factor  and  a  growth 
factor  concerned  with  tumor  growth.  The 
discovery  of  PDGF  opened  the  field  of 
research  in  atherosclerosis  to  the  concept 
of  factors  that  could  provide  signals  for 
growth  and  cell  differentiation  from  one 
type  of  cell  to  another  (paracrine)  or  by  a 
cell  to  itself  (autocrine).  Other  cells  of  the 
artery  wall  were  found  to  form  growth  fac¬ 
tors  and  to  have  receptors  for  them  as  well 
as  receptors  for  growth-modidating  factors 
such  as  insulin  or  other  hormones. 

The  elucidation  of  the  role  of  the 
LDL  receptor  in  cellular  and  systemic 
lipoprotein  metabolism  opened  new  hori¬ 
zons  in  atherosclerosis  research  concerning 
receptor-mediated  processes  and  scavenger 
pathways.  This  information  conld  explain 
mechanistically  the  old  observations  about 
hyj^erlipidemia  and  about  foam  cell  phago¬ 
cytosis  in  plaques.  The  discovery  of  PDGF 
also  provided  a  mechanistic  explanation  for 


the  old  observation  of  mitotic  activity  in 
plaques  and  forced  the  application  of  the 
science  base  of  the  biology  of  cell  growth 
and  differentiation  to  research  on 
atherogenesis. 

An  immediate  consequence  of  the  dis¬ 
covery  of  PDCiF  was  a  reformidation  of  the 
injury-repair  modification  of  the  lipid  infil¬ 
tration  hyqiothesis  of  atherogenesis,  which 
in  effect  linked  it  with  the  thrombotic 
encrustation  hyjaothesis.  It  was  specidated 
that  injury  to  endothelial  cells  by  agents 
known  to  damage  them  led  to  their  loss  in 
patches  or  small  numbers.  The  loss  of  endo¬ 
thelium  then  permitted  the  adhesion  and 
aggregation  of  platelets,  local  release  of 
PDGF,  and  stimulation  of  proliferation  of  a 
focal  group  of  smooth  muscle  cells  to  form 
a  cell-rich  plaque  into  which  lipoproteins 
could  infiltrate  and  accumulate.  It  was  pos¬ 
tulated  that  this  process  could  be  either 
minimal  or  marked  transient  or  repetitive, 
and  cumulative  without  permanent  effect 
or  atherogenic.  Thus,  it  offered  a  means 
of  reconciling  the  two  major  theories  of 
atherogenesis  and  allowed  a  mechanism  by 
which  platelet  incrustation  could  initiate 
plaque  development.  The  PDGF  also  pro¬ 
vided  a  mechanistic  explanation  for  the 
conversion  of  well-developed  thrombi 
or  blood  clots  to  plaques. 

Systematic  exploration  of  this  concept 
in  living  animals  has  resulted  in  considera¬ 
ble  uncertainty  regarding  its  relevance  to 
atherogenesis.  While  the  importance  of 
PDGF  as  a  stimulus  to  proliferation  has 
been  showm  in  certain  experiments  (see 
above)  bv  platelet  suppression,  experiments 
that  were  focirsed  on  endothelial  cell  loss 
cast  doubt  ou  the  concept.  It  generally  has 
not  been  possible  to  show  the  patchv  loss  of 
endothelium  that  was  postulated  although 
it  should  be  noted  that  human  arteries  have 
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not  had  adequate  study.  Moreover,  in  exper¬ 
iments  in  which  endothelial  denudation  has 
been  systematically  caused  in  rather  precise 
linear  or  surface  area  patterns,  the  postu¬ 
lated  proliferation  of  smooth  muscle  cells 
has  not  occurred  and  the  integrity  of  the 
endothelial  membrane  has  been  restored 
promptly.  A  recent  experiment  has  found 
that  when  nonhuman  primates  are  fed 
an  atherogenic  diet  and  plaques  begin 
to  develop,  small  retraction  defects,  or 
microulcers,  occur  in  the  endothelium  over 
plaques  after  several  months.  The  location 
and  timing  of  these  microscopic  defects 
where  endothelium  is  lost  are  moderately 
precise.  Subendothelial  collagen,  fibrils, 
and  macrophages  are  exposed  at  the  base  of 
the  endothelial  defects  to  which  the  blood 
platelets  adhere.  It  is  postulated  that  PDGF 
can  then  promote  proliferation  of  vascular 
muscle  cells  at  such  foci  and  that  they  con¬ 
tribute  to  atherogenesis  initiated  by  lipid 
infiltration  in  this  manner.  Recent  research 
has  discovered  that  all  of  the  cells  involved 
with  plaque  building  (endothelium,  muscle 
cells,  monocyte/macrophages,  and  plate¬ 
lets)  can  release  various  growth  factors  and 
chemoattractants  for  the  migration  of 
monocytes  and  vascular  muscle  cells.  Con¬ 
sequently,  it  is  possible  to  postulate  a  com¬ 
plex  system  of  responses  to  atherogenic 
stimuli  (injuries)  in  which  these  substances 
interact  in  different  ways,  both  paracrine 
and  autocrine,  but  with  the  final  outcome 
of  atherogenesis  due  to  their  interplay. 

Research  on  PDGF  provided  a  ration¬ 
ale  relative  to  atherogenesis  for  research  on 
a  group  of  fatty  acid  derivatives  that  had 
been  discovered  earlier.  These  substances 
are  called  prostanoids  and  can  be  formed 


by  many  cells,  including  platelets  and  endo¬ 
thelial  cells.  They  are  powerful  messengers 
between  cells,  which  act  briefly,  at  short 
range,  and  in  minute  amounts.  In  the 
present  context,  they  can  cause  platelets 
to  clump  or  disperse  and  cause  vascular 
smooth  muscle  cells  to  contract  or  relax.  In 
particular,  it  has  been  found  that  platelets 
release  a  substance  called  thromboxane 
A-2,  which  contracts  vascular  muscle  cells 
and  aggregates  platelets  into  masses.  In 
contrast  the  endothelium  and  vascular 
muscle  cells  form  and  release  locally  a 
related  but  opposing  substance  called  pros¬ 
tacyclin,  which  relaxes  muscle  cells  and 
opposes  platelet  aggregation.  Thus,  molecu¬ 
lar  mechanisms  of  special  interest  in  ath¬ 
erogenesis  have  been  found  that  may 
balance  these  platelet-endothelium  interac¬ 
tions.  These  hemostatic  substances  have 
attracted  great  interest  in  the  areas  of 
plaque  formation  and  arterial  thrombosis 
and  spasm,  particularly  since  their  forma¬ 
tion  can  be  modified  by  diet  and  drugs. 
Nevertheless,  additional  research  will 
be  necessary  to  elucidate  their  roles  in 
atherosclerosis  and  its  complications. 

The  Phenomenon  of  Plaque  Regression 

In  1928,  Antischkow  conducted  experi¬ 
ments  to  study  the  regression  of  the  plaques 
of  dietary  atherosclerosis  in  the  rabbit.  It 
was  found  that  the  mobilization  of  lipid 
and  cholesterol  from  well-developed  fatty 
plaques  was  very  slow  after  the  removal  of 
cholesterol  from  the  diets  of  the  animals. 
Some  lipid  was  still  present  a  year  and  one- 
half  later,  and  it  took  2  to  3  years  to  obtain 
lipid-free  plaques.  The  plaques  showed 
excessive  intimal  thickening  and  fibrosis. 

The  subject  remained  largely  unstud¬ 
ied  until  the  late  1940s  and  1950s,  when 
descriptive  experiments  were  done  with 
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dogs,  chickens,  and  other  animals.  In  gen¬ 
eral,  the  studies  found  that  regression 
occurred  in  the  sense  of  diminished  con¬ 
tent  of  lipid  in  plaques  but  that  a  residuum 
or  even  an  increase  of  collagen  and  matri.x 
remained  as  a  fibrous  placjue.  An  exception 
to  this  finding  were  small  and  early  fattv 
streaks,  which  appeared  to  regress,  leaving 
only  minimal  intimal  thickening.  An  origi¬ 
nal  observation  of  this  tyjDe  was  a  report 
that  the  small  fattv  streaks  found  in 
the  ascending  aorta  of  suckling  rabbits 
disappeared  after  they  were  weaned. 

Since  experiments  dealing  with  the 
regression  of  chronic  disease  take  several 
years  to  complete,  they  are  not  numerous. 
However,  an  adequate  number  have  been 
done  to  confirm  the  earlier  observations.  In 
a  recent  study,  an  experimental  design  was 
used  in  which  nonhuman  primates  were 
caused  to  have  atherosclerosis  at  relatively 
high  levels  of  cholesterol  so  that  some  ani¬ 
mals  had  cholesterol  levels  about  200 
mgm/dl  while  others  were  about  300 
mgm/dl.  These  values  were  maintained 
over  periods  of  19  months  and  also  48 
months.  It  was  found  that  chronicity  of 
induction  of  atherosclerosis  did  not  affect 
regression  and  that  while  some  regression 
and  also  some  progression  occurred  in 
groups  of  animals  maintained  at  either  200 
or  300  mgm/dl  of  serum  cholesterol  con¬ 
siderably  more  regression  and  less  progres¬ 
sion  occurred  among  the  group  maintained 
at  200  mgm/dl.  The  most  regression  tended 
to  be  in  animals  with  total  plasma  choles¬ 
terol  to  HDL  cholesterol  ratios  of  less 
than  4.5. 


At  present,  nothing  is  known  about 
the  cellular  and  molecular  mechanisms  of 
regression.  It  is  a  natural  phenomenon 
that  occurs  slowly  and  partially  when  the 
atherogenic  stimulus  is  withdrawn. 

The  concept  of  plaque  regression  has 
different  meanings  in  different  contexts. 
For  example,  it  may  mean  a  change  in  size 
(plaque  volume),  a  change  that  increases 
the  functional  vascular  lumen,  a  change 
to  a  plaque  profile  with  less  tendency  to 
hemodynamic  turbidence,  a  less  thrombo- 
genic  surface  (or  more  normal  endothelial 
function  of  any  type),  a  change  in  cellular 
or  biochemical  composition  so  that  some 
component  reverts  toward  normal  and 
even  dilation  or  enlargement  of  the  host 
vessel.  All  of  these  meanings  may  have 
validity  in  different  circumstances.  Most 
investigations  have  measured  change  in 
plaque  size,  biochemical  content,  and 
lumen  size. 

It  was  encouraging  to  find  in  animals 
that  lipids  would  leave  the  intima  even 
though  scarred  plaques  remained,  and 
investigators  sought  evidence  of  regression 
in  humans.  A  critical  review  in  1984  found 
that  regression,  diagnosed  by  sequential 
angiographs,  had  been  reported  in  over  100 
patients  by  different  authors.  The  review 
also  noted  that  certain  autop,sy  studies  per¬ 
formed  in  war-time  Europe  when  food  was 
in  very  short  supply  found  less  adidt-ty|)e 
atherosclerosis  than  usual  Whether  this 
was  because  of  regression  or  lack  of  pro¬ 
gression  is,  of  course,  uncertain.  The 
reviewer  comments  that  two  anatomical 
forms  of  regression  mav  occur.  One  would 
involve  a  loss  of  plaque  substance,  as  in 
the  animal  experiments;  the  other  would 
involve  lysis  or  resolution  of  clots  and 
thrombi  on  the  plarpie  surface.  Current 
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noninvasive  techniques  for  visualizing  arte¬ 
ries  together  with  fiberoptic  inspection  of 
the  arteries  from  the  inside  may  help  to 
resolve  these  issues.  Moreover,  certain 
experiments  in  cholesterol-lowering  sup¬ 
ported  by  the  NHLBI  may  go  far  in  further 
documenting  the  circumstances  and 
occurrence  of  regression  in  humans. 

Current  Research  Directions 

The  importance  of  the  new  information 
that  came  from  the  application  of  the  tech¬ 
niques  and  concepts  of  celhdar  and  molec¬ 
ular  biology  to  the  biology  of  the  artery 
wall  and  its  constituents  during  the  1970s 
has  led  to  an  emphasis  on  these  research 
methods  in  the  19S0s.  Today,  most  of  the 
research  in  the  field  of  atherogenesis  deals 
with  the  study  of  simple  biologieal  systems 
in  isolated  cultures  of  the  cells  that  are 
found  in  arteries.  For  example,  it  has  been 
found  that  the  endothelial  cell  is  a  complex 
metabolic  and  physiological  cell.  At  least  14 
functions  are  now  ascribed  to  it.  Among 
them,  roles  in  vascular  smooth  muscle  cell 
differentiation,  angiogenesis,  selective  tran- 
sendothelial  transport  of  large  protein  mol¬ 
ecules,  modification  of  LDL  to  render  it 
suitable  for  accumulation  by  monocyte/ 
macrophages,  regulation  of  clot  formation 
and  clot  Ivsis,  processing  of  vasoactive  mol¬ 
ecules,  interaction  with  blood  monocytes, 
and  participation  in  immunological  reac¬ 
tions  may  all  be  relevant  to  one  or  another 
aspect  of  atherogenesis.  Because  of  the 
many  functional  roles  of  endothelium,  the 
concept  of  endothelial  injury  has  been 
changed  from  that  of  cell  death  and  des¬ 
quamation  to  much  more  subtle  concepts 
of  failed  or  partially  failed  functions. 


Similarly,  a  vast  amount  of  informa¬ 
tion  is  emerging  about  the  various  proper¬ 
ties  of  monocyte/macrophage/foam  cells. 
For  example,  these  cells  can  secrete  growth 
factors,  secrete  lipoprotein  lipase  to  digest 
triglycerides  extracellularly  in  the  artery 
waif  secrete  chemoattractant  factors,  accu- 
mnlate  lipid  both  by  scavenger  and  specific 
receptor  binding  pathways,  and  display 
many  other  activities  germane  to  inflam¬ 
mation  and  repair.  Recent  work  with  the 
monocyte/macrophage  gives  substance  to 
earlier  reports  that  atherosclerosis 
expressed  features  of  inflammation.  These 
are  among  the  most  versatile  of  cells,  and 
they  may  display  both  putatively  beneficial 
or  harmfnl  effects.  Whether  they  migrate 
out  of  plaques  as  well  as  migrate  into  the 
artery  wall  remains  to  be  shown. 

Vascnlar  muscle  cells,  too,  have  many 
functional  properties.  They  secrete  the 
complex  fibrillar  and  gelatinous  matrix 
that  makes  up  a  large  part  of  the  extracellu¬ 
lar  material  in  plaques.  They  also  have  the 
capacity  to  store  lipid  and  to  be  converted 
into  foam  cells  that  superficially  resemble 
those  derived  from  monocyte/macrophages. 
Growth  and  chemotactic  factors  also  have 
been  identified.  Recent  findings  have 
described  the  ability  of  vascular  contractile 
muscle  cells  to  experience  up  to  about  four 
to  six  cell  divisions,  at  which  point  they 
cease  to  proliferate  in  response  to  stimuli 
and  enter  into  a  secretory  noncontractile 
phase.  The  appearance  or  phenotype  of  the 
two  tyjDes  of  muscle  cells  is  dif  ferent  and 
so  is  their  function.  The  secretory  type  is 
active  in  the  production  of  the  fibrillar  and 
gelatinous  matrix  that  forms  a  large  part  of 
plaque  substance.  Matrix  components  have 
been  found  to  modulate  cell  growth  and 
differentiation. 
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Much  is  being  learned  about  the  capa- 
l)ibties  of  the  cells  of  the  arterv  wall,  and  it 
is  apparent  that  these  cells  can  inllnence 
each  other  by  the  secretion  of  signal  or 
communication  substances.  The  study  of 
intercellular  signaling  or  “cross  talk”  marks 
a  vital  turning  point  in  the  reductionist 
analysis  of  vascular  biology  and  atherogene- 
sis  for  it  is  the  beginning  of  investigations 
that  seek  to  resynthesize  phenomencC  once 
studied  in  isolation,  into  more  complex 
organizational  systems  of  greater  biomedi¬ 
cal  significance. 

Decades  of  Progress 

The  past  four  decades  have  witnessed  pro¬ 
gress  in  understanding  atherosclerosis  that 
could  not  have  been  imagined  when  the 
NHLBI  was  founded.  Progress  has  been 
immense,  and  it  has  both  basic  and  applied 
aspects. 

While  dif  ferent  observers  of  this  prog¬ 
ress  might  reach  different  judgments  or 
select  different  examples,  it  is  likely  that 
most  would  agree  that  two  of  the  four  dec¬ 
ades  were  remarkable  for  their  seminal 
influence  and  research  findings.  The  first 
was  the  decade  of  the  1950s,  when  the 
associations  between  hyperlipidemia  and 
atherogenesis  in  humans  were  measured 
and  established.  This  was  also  the  decade 
in  which  the  phenomena  of  lipid  metabo¬ 
lism  and  transport  were  measured  not  by 
simple  nonphysiological  analvtic  chemistry 
of  extracted  lipids  but  by  measurement  of 
the  natural  physiological  transport  forms 
of  lipoproteins  by  the  methods  of  protein 
chemistiy.  Progress  in  these  two  areas  has 


been  enormouslv  informative  and  conse- 
(|nential. 

The  second  was  the  decade  of  the 
197().s,  when  the  technkjues  of  cellnlar  and 
molecular  biology  were  applied  to  athero- 
geuesis.  Two  research  fiudiugs  were  partic- 
ularlv  informative.  One  was  the  discoveiw 
of  the  LDLrCell  surface  receptor  interaction 
and  the  elucidation  of  the  cholesterol  econ¬ 
omy  of  the  cell.  The  other  was  the  discov¬ 
ery  of  PDGf”  and  its  influence  on  the 
hvi^erplastic  aspects  of  placpies  and  its 
opening  of  unperceived  horizons  in  cellular 
organizational  crosstalk  and  the  behavior 
of  systems  of  cells.  Research  of  this  decade 
also  has  been  immenselv  informative  and 
stimulating.  Current  research  derives,  and 
indeed  research  in  the  near  future  will  con- 
tiuue  to  derive,  from  the  strong  influences 
of  the  195()s  and  197()s. 

Much  has  been  learned  and  some  of  it 
alreadv  has  found  practical  application.  It  is 
now  possible  to  draw  schematic  diagrams 
to  show  how  lipids,  thrombosis,  and  vascu¬ 
lar  cells  can  interact  mechanisticallv  to  pro¬ 
duce  atherosclerosis.  Such  diagrams  have 
deficiencie.s,  which  will  be  corrected  bv 
future  research,  but  they  also  have  much 
validity.  Atherogenesis  is  a  verv  variable 
process  with  a  wide  range  of  e.xpression.  It 
will  be  necessary  to  learn  in  the  future  the 
proportionate  and  interdependent  roles  of 
the  manv  and  various  biological  pheno¬ 
mena  in  the  production  and  prevention  of 
atherosclerotic  disease.  From  the  practical 
point  of  view,  the  risk  factors  for  athero¬ 
sclerotic  disease  have  been  characterized 
treatments  are  in  hand  and  prevention 
through  public  and  physician  education  has 
been  initiated. 


Gardner  C.  McMillan,  MD. 
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Exercise  for  the  health  of  it. 

FoDow  your  doctor's  recommended 
exercise  program  regula-**' 
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Cut  down  on  salt. 

Treat  yourself  to  tasty  substitutes 
like  lemon  juice  or  herbs  instead. 


Take  your  high  blood 
pressure  pCls  e\ery  day. 


Control  your  weight. 

If  the  tKiunds  aeep  up. 
so  can  your  bkxid  pressure. 
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Progress  Against  High  Blood  Pressure; 
A  Medieal,  Seientific,  and  Public 
Success  Story 


The  campaign  against  high 
blood  pressure,  “the  silent 
killen”  is  being  conducted  on 
multiple  fronts,  from  research 
on  fundamental  mechanisms 
to  clinical  and  lifestyle  treat¬ 
ment  strategies 


The  story  of  efforts  to  prevent 
and  control  hypertension  or  higii 
Mood  pressure  is  an  exciting  chap 
te''  in  .n^rdical  history.  It  is  a  story 
that  ‘s  still  ^volving  and  thar 
promises  to  provide  important 
contnbutions  to  science,  public 
heakh,  and  individual  well-being 
for  r  ears  to  come. 


Four  decades  ago,  hypertension  was 
viewed  as  a  clinical  problem  that  afflicted 
only  a  limited  number  of  patients.  It  was 
associated  with  a  high  mortality  rate  due  to 
either  stroke,  heart  disease,  or  kidnev  fail¬ 
ure.  Antihypertensive  drugs  had  not  been 
developed  and  the  only  therapeutic  inter¬ 
vention  available  was  nonpharmacologic, 
consisting  of  severe  sodium  restriction. 
Although  this  intervention  proved  to  be 
helpful  in  a  significant  number  of  cases,  it 
also  was  often  insufficient,  and  manv  of  the 
patients  who  had  high  blood  pressure  died. 
It  was  recognized  that,  in  some  of  these 
patients,  hvpertension  was  due  to  disease 
of  the  kidneys  and  that  disturbances  of  the 
adrenal  glands  also  coidd  lead  to  hy[;)erten- 
sion.  The  majoritv  of  patients  with  hyper¬ 
tension,  however,  were  characterized  as 
having  primary  or  essential  hvpertension, 
meaning  the  mechanism  accounting  for 
the  rise  in  blood  pressure  was  unknovvai. 


Early  Epidemiologic  Studies 

While  clinicians  were  dealing  with  rela¬ 
tively  few  patients  with  severelv  elevated 
blood  pressure,  actuarial  data  had  been 
accumulating  on  large  numbers  of  people 
that  suggested  a  direct  association  between 
elevated  blood  pressure  and  an  increased 
risk  of  dving  prematurely  from  cardiovas¬ 
cular  disease.  In  the  late  194()s,  the  then 
National  Heart  Institute  initiated  the 
Framingham  Heart  Study  Over  the  course 
of  the  next  two  decades,  data  from  this 
study,  as  well  as  from  other  epidemiological 
studies,  confirmed  the  association  observed 
in  life  insurance  statistics  between  elevated 
blood  pressure  and  increased  cardiovascu¬ 
lar  risk.  Figure  1,  which  is  based  on  data 
from  the  Framingham  Heart  Study  graphi¬ 
cally  illustrates  this  point.  It  can  be  seen 
that  people  at  the  extreme  right-hand  side 
of  the  blood  pressure  distribution,  those 
with  the  highest  blood  pressures,  have  the 
greatest  probability  of  dvang  prematurelv. 
These  were  the  patients  that  clinicians  were 
observing  in  the  194()s,  oftentimes  dving 
of  stroke,  heart  disease,  or  kidnev  failure 
brought  about  l)v  severe  hvpertension. 

What  the  actuarial  data  and  the  epide¬ 
miologic  datii,  particulaiiv  the  Framingham 
data,  have  shown  u.s,  is  that  hvpertension  is 
a  disease  that  produces  clinical  morbidity 
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30  Men  60  60  Women  “  Mortality  30 


Figure  1. 

Data  from  the  Framinpliam 
Heart  Stuih/  illustrate,  in 
women  and  men  aged  55  to  64 
ijcars,  the  direct  relationship 
between  diastolic  blood  pres¬ 
sure  and  mortalitij.  As  the 
level  of  blood  pressure  in¬ 
creases,  so  also  does  mortalitij. 


and  mortality  at  the  extreme  end  of  the 
blood  pressure  distribution.  It  also  is  a  risk 
factor  meaning  that  any  eleyation  of  blood 
pressure,  even  when  mild  and  asymptoma¬ 
tic,  is  associated  with  an  increased  proba¬ 
bility  of  premature  cardiovascular 
morbidity  and  mortal itv. 

High  blood  pressure  is  found  world¬ 
wide,  although  its  distribution  is  oftentimes 
confined  to  industrialized  nations.  Indeecf 
comparative  epidemiological  studies  sug¬ 
gest  that  high  blood  pressure  may  not  be  a 
biologically-determined  risk  factor  since  it 
does  not  seem  to  afflict  people  living  in 
nonindustrialized  societies.  Why  these  peo¬ 
ple  tend  not  to  have  high  blood  pressure, 
while  citizens  of  industrialized  societies  do, 
is  not  entirely  clear.  There  are,  however, 
several  hypotheses  to  account  for  this 
observation  since  hyjrertensive  societies  are 
found  to  have  higher  salt  intake,  lower 
potassium  intake,  higher  saturated  fat 
intake,  are  more  obese,  are  more  sedentaiy, 
and  are  subjected  to  a  different  array  of 
psychosocial  stressors. 


Antihypertensive  Drug  Treatment 

While  population-based  research  was  pro¬ 
viding  insights  suggesting  that  high  blood 
pressure  was  both  a  disease  and  a  risk  fac¬ 
tor,  progress  was  being  made  in  its  treat¬ 
ment.  Between  1950  and  1952,  three 
antihy]rertensive  drugs  became  available. 
These  were  hexamethonium,  a  ganglionic 
blocker,  hydralazine,  a  drug  that  dilates 
blood  vessels,  and  reserpine,  a  rauwolfia 
alkaloid  that  interrupts  the  svmpathetic 
nervous  system  control  of  blood  pressure. 
Although  these  drugs  were  helpful,  espe- 
ciallv  compared  to  no  drugs  at  all,  the  first 
really  impressive  breakthrough  in  the  phar¬ 
macologic  treatment  of  hypertension  came 
with  the  introduction  of  the  thiazide 
diuretics  in  1958.  These  drugs  not  only 
reduced  blood  pressure  by  themselves 
but  also  helped  other  antihviiertensive 
agents  to  work  more  effectively. 

Along  with  these  drugs  came  case 
series  in  the  clinical  literature  suggesting 
that  drug  treatment  of  hyi^ertension  was 
associated  with  a  reduction  in  blood  pres¬ 
sure  and  with  more  favorable  clinical  out¬ 
comes.  In  order  to  test  systematically  the 
efficacy  of  antihy|rertensive  drug  treatment, 
the  Veterans’  Administration  Study  Group 
in  1964  randomized  523  patients  with 
varying  degrees  of  high  blood  pressure  to  a 
placebo  or  to  one  of  two  drug  regimens 
(diuretic  plus  reserpine  or  diuretic  plus 
hydralazine).  The  reports  of  these  trials 
were  published  between  1967  and  1972, 
and  established  clearly  that  the  treatment 
of  patients  with  dia,stolic  blood  pressures  in 
excess  of  104  mm  of  mercui'y  was  associ¬ 
ated  with  a  substantial  reduction  in  cardio¬ 
vascular  risk,  especially  that  due  to  stroke. 
The  benefits  were  not  statistically  signifi¬ 
cant  in  terms  of  prevention  of  heart 
attacks,  however.  The  results  of  this  trial 
greatly  advanced  our  concept  of  the  need  to 
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Figure  2. 

A^e-adjusted  decreases  in  mor¬ 
tality  in  noncardiovascular 
disease,  coronary  heart  disease, 
and  stroke  and  their  temporal 
relationship  to  the  implementa¬ 
tion  of  the  National  High 
Blood  Pressure  Education 
Program. 
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treat  large  nunihers  ol  patients  wntli  hvper- 
tension  rather  than  only  a  limited  nninher 
of  patients,  many  of  \yhose  deaths  \yere 
imminent. 

The  197()s  witnessed  the  introduction 
of  additional  antihvpertensive  drugs  as  well 
as  seyeral  more  clinical  trials,  including  the 
NHLBI-sponsored  Hvpertension,  Detection, 
and  Follow'-np  Program  trial,  the  purpose 


Decline  in  Age-Adjusted  Death  Rates;  U.S.,  1968-1984 


Percent  Decline  from  1968  Rate 


‘Provisional  Rates/NHLBl  Estimates 

Source  Mortality  statistics  from  NCHS  and  NHL6I  estimates 

of  which  was  to  determine  whether  mortal¬ 
ity  related  to  hypertension  conld  be 
reduced  hy  using  a  systematic  approach  to 
treatment  of  eleyated  blood  [)ressiire.  The 
resnlts  of  these  trials  suggested  that  treat¬ 
ment  of  mild  hypertension  is  associated 
with  decreased  mortality  and  morhidity 
and  decreased  progression  of  disease,  hnt 
that  the  benefits  are  not  as  dramatic  in 
comparison  to  the  treatment  of  more  sev'ere 
forms  of  high  blood  pressure. 

In  .spite  of  the  high  preyalence  of  the 
disease,  the  serious  clinical  complications 
of  high  blood  pressure,  and  the  knowledge 
that  antihypertensiye  drng  therapy  conld 
reduce  significantly  hypertension-related 
morhidity  and  mortality,  data  in  1972  from 
the  first  National  Health  and  Nutrition 


Examination  Sniwey  (NHANES  1)  indi¬ 
cated  that  only  half  of  the  subjects  who  had 
high  blood  pressure  were  aware  of  it,  only 
half  of  the  aware  subjects  were  being 
treated  and  of  the  treated  subjects,  only 
half  had  blood  pressvire  under  control 
(blood  pressure  less  than  160/95  mm  Hg). 

In  the  1970s,  the  issne  of  benefit  yersns  risk 
in  the  treatment  of  patients  with  mild 
hypertension  had  not  been  addressed  fnlly. 
But,  because  of  tlie  high  preyalence  of  the 
disease,  the  knoyvn  efficacy  of  treatment  of 
the  more  seyere  forms  of  hy|yertension,  and 
the  seemingly  loyv  leyels  of  patient  ayvare- 
ness  of  the  disease  and  lack  of  appropriate 
blood  pressnre  control  Health,  Education 
and  Welfare  Secretary  Elliot  Richaixlson  in 
1972  established  the  National  High  Blood 
Pressnre  Education  Program  (NHBPEP). 
This  ongoing  program,  administered  by  the 
NHLBl,  is  charged  yvith  promoting  the 
detection,  eyalnation,  treatment,  and  con¬ 
trol  of  high  blood  pressnre  through  mecha¬ 
nisms  designed  to  enhance  ayvareness  and 
knoyvledge  of  high  blood  pressure  on  the 
part  of  consumers  and  patients,  as  yvell  as 
through  education  of  physicians  and  other 
health  care  proyiders.  Indeed  the  Institute 
takes  great  pride  in  this  program  for,  since 
its  inception,  age-adjnsted  stroke  mortality 
in  the  United  States  has  declined  hy  more 
than  50  percent  (Eignre  2).  Although  there 
are  probably  seyeral  factors  contributing  to 
this  decline,  the  adyocacy  on  the  part  of  the 
NHBPEP  for  aggressiye  control  of  blood 
pressnre  yvoidd  appear  to  he  a  major  factor. 

Contcniporarv  Approach  to 
Hypertension  Research  and  Blood 
Pressure  Control 

Using  national  probability  data  collected  hy 
the  National  Center  for  I  lealth  Statistics, 
the  Institute  has  estimated  that  hyperten¬ 
sion  affects  29  percent  of  the  adult 
population  or  58  million  .Americans.  The 
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Figure  3. 

The  NHLBI  addresses  a  full 
spectrum  of  needs  and  oppor¬ 
tunities  in  its  hypertension 
program. 


estimated  prevalence  in  the  black  popula¬ 
tion  is  even  higher  (38  percent),  and  older 
Americans  have  a  higher  prevalence  of 
hypertension  than  younger  Americans.  In 
terms  of  elinical  classification  of  the  differ¬ 
ent  tyjies  of  high  blood  pressure,  our  cur¬ 
rent  understanding  suggests  that  90  to  95 
percent  of  patients  have  primary  or  essen¬ 
tial  hypertension  and  5  to  10  pereent  have 
secondary  forms  of  high  blood  pressure. 

This  latter  category  is  comprised  of 
patients  whose  high  blood  pressure  is  a 
consequence  of  structural  abnormalities 
within  the  aorta  or  renal  arteries,  or  of 
diseases  of  either  the  kidneys  or  adrenal 
glands.  Primary  or  essential  hypertension, 
however,  remains  the  empiric  term  used 
to  describe  blood  pressure  elevated  for 
reasons  that  are  not  apparent. 

The  Institute  has  planned  and  imple¬ 
mented  a  multifaceted  approach  to  the 
studv  of  hypertension.  This  approach 
includes  not  only  research  but  also  compre¬ 
hensive  efforts  to  transfer  the  findings  of 
research  into  clinical  management  of  hyper¬ 
tension.  Figure  3  depicts  the  NHBLI’s 
acknowledgement  of  the  place  basic 
research  occupies  in  the  concerted  effort  to 


gain  better  understanding  of  the  regulation 
of  blood  pressure  and  the  etiology  of  patho¬ 
logic  hypertensive  states.  A  variety  of  disci¬ 
plines,  as  indicated  in  the  figure,  are 
utilized.  These  include,  but  are  not  limited 
to,  genetics,  neurobiology,  endocrinology, 
physiology,  nephrology,  pharmacology, 
and  pathology. 

Modern  research  tools  of  molecular 
and  cellular  biology  have  been  utilized  to 
provide  new  knowledge  with  potential 
implications  for  the  regulation  of  blood 
pressure  and  the  potential  prevention  of 
hypertension.  For  e.xample,  it  is  now  known 
that  the  heart,  in  addition  to  being  a  pump, 
also  functions  as  an  endocrine  gland.  It 
secretes  a  potent  hormone  called  atrial 
natriuretic  peptide  (Figure  4).  This  hor¬ 
mone,  which  is  currently  the  subject  of  sev¬ 
eral  NHLBI-supported  studies,  has  been 
found  to  induce  diuresis  and  also  cause 
relaxation  of  blood  vessels  resulting  in  a 
fall  in  blood  pressure.  Determining  the 
precise  role  that  this  plays  in  hyperten¬ 
sion  is  a  major  focus  of  current  research 
investigations. 
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Figure  4. 

Atrial  granules  (black  sub¬ 
stances)  in  the  rat  heart.  Atrial 
natriuretic  factor,  a  hormone 
present  in  atrial  granules  in 
certain  human  heart  cells,  acts 
to  promote  kidney  function,  re¬ 
lax  smooth  muscle,  and  lower 
blood  pressure  (original  magni¬ 
fication  X  18,600). 


Basic  researcli,  however  promising,  is 
not  always  sufficient  by  itself.  There  is  a 
need  for  applied  research  to  develop  new 
ways  of  using  basic  research  results  to 
achieve  specific  practical  goals.  Similarly 
clinical  research  is  very  important.  This 
is  a  focal  point  in  the  Institute’s  overall 
approach  to  hv|3ertension  because  clinical 
insights  direct  investigators  to  the  labora¬ 
tory  to  determine  more  precisely  the 
mechanisms  underlving  changes  in  blood 
pressure.  Alternatively  clinical  research 
can  propel  researchers  forward  to  evaluate, 
under  controlled  circumstances,  the 
efficacy  of  preventive,  diagnostic,  and 
therapeutic  interventions. 

In  the  applied  and  clinical  realms  of 
therapy  new  and  better  drugs  have  been 
developed  and  have  been  quite  helpful  in 
controlling  high  blood  pressure  in  large 
numbers  of  subjects.  Recall  however,  that 
the  earliest  form  of  antihypertensive  treat¬ 
ment  was  nonpharmacologic,  consisting  of 
dietary  sodium  restriction.  It  is  therefore  of 
interest  that  in  recent  vears,  there  has  been 
a  renewed  interest  in  nonpharmacologic 
treatment  of  high  blood  pressure  for  a  vari¬ 
ety  of  reasons.  First  the  lower  the  blood 
pressure  among  patients  selected  for  drug 
treatment  of  high  blood  pressure,  the 
lower  the  benefit-to-risk  ratio.  Since  these 
patients  are  at  lower  risk  initially,  any  side 
effects  of  the  drugs  loom  larger  in  the 
decision  to  treat  the  high  blood  pressure. 
Because  of  the  side  effects  of  certain  drugs, 
clinicians  have  become  increasingly  inter¬ 
ested  in  trying  to  optimize  the  use  of 
nonpharmacologic  methods  in  the  treat¬ 
ment  of  high  blood  pressure  as  a  way  to 
avoid  or  at  least  reduce,  pharmacologic 
therapy.  Another  factor  contributing  to  the 
renewed  interest  in  nonpharmacologic 
intervention  is  the  realization  that  several 
dietary  constituents,  individually  or  in  con¬ 
cert  appear  to  affect  the  blood  pressure 


and  in  some  cases,  may  be  involved  in  the 
pathogenesis  of  hv|)erten,sion.  It  makes 
good  clinical  sense,  therefore,  to  modify  die¬ 
tary  constituents  that  mav  be  involved  in 
the  genesis  of  high  blood  pressure  in  partic¬ 
ular  patients  and  at  tlie  same  time,  avoid 
exposing  them  needlessly  to  possible  unto¬ 
ward  effects  of  antihyjoertensive  drug  ther¬ 
apy  These  attempts  to  study  and  optimize 
nonpharmacologic  treatment  strategies  are 
complementarv'  to  the  sound  therapeutic 
principles  of  drug  treatment  of  high  blood 
pressure,  especially  as  the  blood  pressure 
rises  to  higher  levels. 

The  scientific  base  underlving  the  use 
of  nonpharmacologic  interventions  in  the 
treatment  of  high  blood  pressure  is  not  as 
robust  as  one  would  like  to  see.  Recently 
however,  largely  through  NHLBI-stimulated 
mechanisms,  more  research  is  being 
focused  on  these  modalities.  Current  strate¬ 
gies  under  investigation  include:  weight 
reduction  in  the  obese;  sodium  restriction; 
potassium,  calcium,  and  magnesium  supple¬ 
mentation;  alcohol  restriction;  increasing 
the  ratio  of  polyunsaturated  to  saturated 
fats  in  the  diet;  exercise;  and  a  variety  of 
biobehavioral  interventions,  including 
rela.xation  therapies  and  biofeedback. 

It  has  become  apparent  over  the  years 
that  even  when  research  leads  to  inter\’en- 
tions  that  appear  to  be  efficacious,  that  is, 
they  work  under  ideal  circumstances,  they 
will  not  necessarily  be  e(juallv  effective  in 
the  real  world.  Therefore,  the  Institute  has 
been  sponsoring  demonstration  and  educa¬ 
tion  research  that  tests  the  effectiveness  of 
interventions  designed  to  promote  health 
or  prevent  disease  in  defined  populations. 
The  interv'entions  selected  for  such  testing 
are  ordinarily  those  that  already  have  been 
found  to  be  efficacious  in  other  studies  and 
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Their  Future  Is  in  Your  Hands. 
Treat  Your  High  Blood  Pressure 
Every  Day. 


Poster  from  the  Natioiuil  High 
Blood  Pressure  Education  Pro¬ 
gram  convei/s  a  message  to  pa¬ 
tients  with  hiipertension. 


Figure  5.  (right) 

Between  1973  and  1982.  the 
public's  understanding  of  what 
lu/pertension  means  and  its 
role  in  stroke  and  heart  attach 
increased  dramaticalhj. 


include,  l)iit  are  not  limited  to,  education 
strategies  and  modifications  in  health  care 
and  health-related  practices.  Examples  of 
such  demonstration  and  education  research 
are  the  NHLBI-sponsored  worksite  proj¬ 
ects,  many  of  which  have  shown  that  get¬ 
ting  patients  to  participate  in  worksite 
programs  of  blood  pressure  monitoring 
enhances  the  overall  control  of  blood  pres¬ 
sure,  not  just  in  individual  patients,  hut  in 
large  groups  of  people,  in  this  instance, 
those  united  by  a  common  emplover. 

National  High  Blood  Pressure 
Education  Program 

Finally,  when  as  a  result  of  basic,  applied 
clinical,  or  demonstration  and  education 
research,  information  is  ready  to  be  trans¬ 
lated  to  clinical  practice,  or  for  the  public 
health,  the  Institute  utilizes  the  aforemen¬ 
tioned  National  High  Blood  Pressure  Edu¬ 
cation  Program.  This  program  represents 
a  coalition  of  15  Federal  agencies,  150 
national  organizations,  50  state  health 
departments,  2000  commnnitv  agencies, 
and  a  variety  of  other  groups.  Led  by  the 
NHLBI,  key  representatives  from  the  coali¬ 
tion  have  formed  the  NHBPEP  Coordinat¬ 
ing  Committee.  This  Committee  has  taken 
responsibility  for  coordinating  technology 
transfer  to  assure  that  the  products  of 
research,  when  ready  for  application  to  the 
clinical  care  of  patients,  are  assisted  sys¬ 
tematically  in  the  transition  from  research 
to  clinical  practice.  The  use  of  an  orderlv 
consensus  process  is  one  of  the  key  strate¬ 
gies  employed  by  the  NHBPEP  Coordinat¬ 
ing  Committee.  This  veiy  productive 
committee  has  published  numerous  scien¬ 
tific  documents  on  the  detection,  evalua¬ 
tion,  and  control  of  high  blood  pressure 
targeted  to  a  broad  audience  including  phy- 
sician.s,  nurses,  dietitians  and  high  blood 


pressure  program  coordinators.  Other  func¬ 
tions  of  the  NHBPEP  center  around  educa¬ 
tional  activities  directed  toward  consumers 
and  patients.  A  multimedia  approach  is  uti¬ 
lized  including  printed  brochures,  posters, 
billboards,  radio  spots,  and  television  pub¬ 
lic  seiwice  announcements.  Modern-day 
public  relations  techniques  are  incorpo¬ 
rated  into  these  educational  messages. 

Increasing  Public  Knowledge 

Although  much  work  remains,  the  NflB- 
PEP  has  an  admirable  record  over  the 
15-year  histoiy  of  its  existence.  Besults  of  a 
suiwey  conducted  in  1973  documented  defi¬ 
ciencies  in  the  general  public  knowledge 
regarding  high  blood  pressure.  This  survey 
showed  that  the  public  not  only  lacked 
information  regarding  high  blood  pressure 
and  its  control,  but  was  misinformed  as 
well.  For  e.xample,  in  1973,  many  people 
confused  hy^^ertension  with  nervous  ten¬ 
sion.  Although  high  blood  pressure  was  a 
disease  with  a  high  prevalence,  many  Amer¬ 
icans  were  unaware  of  this  “silent  killer” 
and  consequently  were  not  accustomed  to 
having  their  blood  pressure  checked.  The 
NHBPEP  tried  not  only  to  inform  the 
American  public  about  high  blood  pressure 
and  the  consecjuences  of  its  not  being 
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Figure  6. 

Aivareness  of  hi/pcrtension  in 
Americans  with  hi/pertension 
increased  between  1971  and 
1980. 
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Figure  7. 

More  than  50  percent  of  Amer 
icons  with  hypertension  were 
receiving  medication  for  their 
disease  by  1980. 
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treated  Init  also  attempted  to  motivate 
the  public  to  change  its  health  behaviors. 

An  aggressive  campaign  was  mounted  to 
inform  Americans  about  these  issues 
through  printed  materials  and  other  media 
messages  as  well  as  to  encourage  them  to 
visit  their  physicians  to  have  their  blood 
pressure  checked.  Figure  5  shows  that, 
within  a  decade,  there  were  marked 
improvements  in  the  trends  of  public 
knowledge  about  high  blood  pressure. 

Specilicallv,  72  percent  of  Americans 
reported  having  had  their  blood  pressures 
checked  within  the  previous  six  months. 
Understanding  that  hvpertension  is  svnoiw- 
mous  with  high  blood  pressure  increased 
from  24  percent  of  the  public  in  1973  to  55 
percent  in  i982.  Public  knowiedge  that 
high  blood  pressure  is  a  cause  of  stroke  also 
increased  dramatically  during  this  period 
from  29  percent  in  1973  to  66  percent  in 
1982.  SimilarK;  understanding  that  high 
blood  pressure  can  play  a  role  in  causing 
heart  attacks  increased  from  24  percent 
to  77  percent  by  1982. 

The  NHBPEP  wvis  established  origi¬ 
nally  in  1972,  in  part  because  of  the  lack  of 
awareness  on  the  part  of  hy[4ertensiye 
patients  of  their  di.sea,se.  National  Health 
and  Nutrition  Examination  Suiweys,  con¬ 
ducted  between  the  years  1971  and  1980, 
showed  that  the  50.9  percent  of  hvperten- 
siyes  who  were  aware  of  their  disease  in 
1971  increased  to  73.4  percent  in  1980 
( Eignre  6). 

Besides  informing  the  public  about  the 
consequences  of  untreated  high  blood  pres¬ 
sure  and  encouraging  them  to  see  their 
physicians,  the  NHBPEP  also  encourages 
patients  with  high  blood  pressure  to  stay  on 
their  medications.  Eignre  7  shows  that  in 
1971  and  1972,  a  little  more  than  one-third 
of  the  hyj^ertensiye  population  was  on  med¬ 
ication.  By  the  period  1976  to  1980,  that 


figure  had  increased  to  56.2  percent.  Lastly 
perhaps  the  most  encouraging  information 
to  emerge  since  the  implementation  of  the 
NHBPEP  has  been  the  dramatic  decline 
in  age-adjusted  death  rates  for  stroke  and 
corouaiw  heart  disease  in  the  United  States 
(Eignre  2).  Between  1968  and  1972,  the 
stroke  mortality  rate  declined  by  approxi¬ 
mately  1.5  percent  per  year.  Since  1972,  the 
year  in  which  NHBPEP  was  established  the 
decline  in  stroke  mortality  rate  has  acceler¬ 
ated  to  almost  5  percent  per  year.  Oyer  the 
past  15  years,  stroke  mortality  has 
decreased  by  oyer  50  percent. 

ft  is  likely  that  there  are  multiple 
explanations  for  the  overall  decline  in  car- 
dioya,scular  mortality,  especially  that  due 
to  stroke.  In  view  of  the  steepness  of  the 
decline  following  the  implementation  of  the 
NHBPEP  however,  it  is  not  unreasonable  to 
assume  that  the  aggressive  advocacy  for  the 
control  of  blood  pressure  in  the  population 
by  the  NHBPEP  has  probably  played  a  sig¬ 
nificant  role  in  this  impressive  reduction 
of  mortality 

Conclusion 

High  blood  pressure  is  a  disease  with 
multiple  and  complex  causes.  It  has  a  high 
prevalence,  but  there  is  great  potential  for 
prevention  of  complications  through  the 
control  of  blood  pressure.  A  comprehensive 
national  research  effort  has  led  to  impor¬ 
tant  new'  insights,  but  continued  efforts  in 
basic,  clinical,  and  population-based  inves¬ 
tigations  need  to  be  sustained  in  order  to 
meet  the  many  challenges  pre.sented  by  this 
disease.  As  these  challenges  are  met  the 
NHBPEP  will  continue  to  play  a  key  role  iu 
the  application  of  the  products  of  research 
to  the  clinical  setting. 

•r* 

Michael  J.  Horan,  M.D. 

Edicard  j.  Roccella,  Ph.lX  MPH. 

William  Check,  Ph.D. 
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Heart  Attack: 
Changing  Concepts 
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(Left)  The  left  coronary  atie- 
rial  system  of  the  heart  (a  plas¬ 
tic  casting). 


f  Right)  A  normal  heart  (front 
view).  The  left  anterior  de¬ 
scending  coronary  ariery  and 
many  of  its  branches  are  visible 
on  the  surface. 


The  symptoms  of  a  typical 
heart  attack  are  well-known.  Pain 
develops  in  the  chest  under  the 
hreast  bone  and  radiates  into  the 
left  shoulder  and  down  the  arm.  It 
is  accompanied  by  nausea,  vomit¬ 
ing,  and  a  cold  sweat.  Breathing 
may  become  difficult.  The  crush¬ 
ing  sensation  in  the  chest  causes 
apprehension.  What  is  not  appre¬ 
ciated  by  many  people  is  the  dra¬ 
matic  change  that  has  taken  place 
over  the  past  40  years  in  our  un¬ 
derstanding  of  heart  attack  and  in 
the  effectiveness  of  its  treatment. 


Sequence  of  Events 

What  happens  when  a  heart  attack  occurs? 
A  heart  attack  is  a  secjuence  of  events  lead¬ 
ing  to  the  irreversible  damage  of  some 
heart  muscle.  The  heart  beats  some 
1(X),00()  times  a  day;  it  literally  does  not  get 
a  second  of  rest.  Thus,  the  heart  muscle — 
the  mvocardium — requires  an  uninter¬ 
rupted  supplv  of  blood  through  its  arterial 
system  to  keep  it  supplied  v\ath  oxvgen  and 
nutrients  and  to  canw  awav  carbon  dioxide 
and  the  other  waste  products.  The  amount 
of  blood  needed  bv  the  heart  depends  upon 
its  work  load.  The  amount  needed  increases 


in  response  to  phvsical  e.xercise  and  even  to 
emotional  stress.  The  heart  beats  faster, 
pumps  more  blood  with  each  beat,  and 
ejects  it  at  higher  pressure.  The  blood  sup¬ 
plv  to  the  heart  consists  of  three  major  cor- 
onarv'  arterie.s — the  right  the  left  anterior 
descending,  and  the  left  circumflex  coro- 
narv  arterie.s — and  their  progressivelv 
smaller  branches.  The  larger  arteries  are 
on  the  outer  surface  of  the  heart;  their 
smaller  branches  go  into  the  heart  muscle 
and  distribute  themselves  throughout 
the  heart  imrscle. 
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An  illustration  of  normal  and 
narrowed  arteries. 


The  inner  surface  and  inner  layers  of 
arteries  may  he  thickened  and  othei'wise 
changed  in  a  process  called  atherosclerosis. 
The  result  is  narrowing  and  hardening 
(arteriosclerosis)  with  a  decrease  in  the 
amount  of  blood  that  can  flow  through. 
When  the  coronaiy  arteries  are  involved  the 
result  is  coronary  or  ischemic  heart  disease, 
the  most  common  form  of  heart  disorder. 


When  a  coronaiy  artery  is  seriously 
narrowed  the  amount  of  blood  that  can 
flow  to  the  heart  muscle  may  not  meet  its 
needs  when  there  is  an  extra  work  load  as 
during  exercise.  Exertion  tyjDically  will 
result  in  a  squeezing  pain  in  the  chest  that 
may  radiate  into  the  left  arm  and  else¬ 
where,  hut  that  disappears  shortly  after 
exercise  stops.  Such  an  episode  is  a 
temporary  inadequacy  of  blood  flow — 
or  ischemia — and  the  pain  that  it  produces 
is  called  angina  pectoris. 

A  narrowed  coronarv  arteiw  mav 
occlude  completely  tvjiically  because  of  a 
blood  clot.  When  this  happens,  the  down¬ 
stream  heart  muscle  fails  to  get  enough 


blood  to  siiwive  under  its  normal  work 
load  and  in  a  few  hours,  it  undergoes  irre¬ 
versible  damage  and  eventual  replacement 
by  scar  tissue.  This  is  a  heart  attack,  or 
myocardial  i n f arction. 

Understanding  the  Cause 

Scar  tissue  from  previous  heart  attacks 
does  not  contract,  and  even  seriously  ische¬ 
mic  heart  muscle  loses  some  of  its  effective¬ 
ness  in  contraction.  Thus,  the  heart 
becomes  less  effective  as  a  pump.  As  the 
heart  pumps  less  effectively,  circulation  of 
blood  throughout  the  body  may  be  reduced 
and  blood  pressure  may  fall.  The  brain 
and  kidneys  may  not  function  well  with 
decreased  blood  flow  and  may  undergo 
irreversible  damage,  or  the  blood  may 
“back  up”  in  the  lung  and  cause  congestion 
and  difficulty  in  breathing.  Pumping 
impairment  and  its  effects  may  range  from 
completely  insignificant  to  very  severe, 
leading  to  shock  and  death.  Even  small 
heart  attacks  or  ischemia  without  heart 
muscle  damage  can  cause  death  because  of 
disturbances  in  heart  rhythm.  Irregular 
rhythms  may  be  set  off;  these  may  degener¬ 
ate  into  a  chaotic  and  ineffectual  quivering 
of  the  heart  muscle — ^ventricidar  fibrilla¬ 
tion — that  residts  in  the  cessation  of  the 
heart’s  pumping  effectiveness  and  almost 
immediate  death.  The  normal  conduction 
of  the  electrical  signal  to  the  main  pumping 
chambers  of  the  heart  also  can  be  inter¬ 
rupted  residting  in  a  very  slow  or  absent 
heart  beat  and  thus,  another  cause  for 
inadequate  pumping.  Other  problems  can 
occur  after  a  heart  attack  resulting  in  life- 
threatening  situations.  One  of  the  heart 
valves  may  not  close  properly  because  the 
muscle  that  supports  its  restraining  chords 
is  damaged  and  the  heart  muscle  mav  tear. 
A  clot  mav  form  inside  the  heart  break  off 
and  embolize,  which  means  that  it  is 
carried  in  the  blood  into  successively 
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smaller  arteries  until  it  can  go  no  tnrtlier. 
There,  it  ohstrncts  hloocl  flow  and  thus 
causes  damage,  especially  if  it  ohstrncts 
hlood  to  the  hrain.  Or,  with  poor  circula¬ 
tion,  a  clot  may  form  in  a  large  yein  and 
emlx)lize  to  the  lung.  The  predominant 
problems  with  heart  attack,  how^eyer,  are 
impaired  pumping  function  and  precipi¬ 
tously  fatal  rh\i:hm  disturbances. 


Crvsa  section  of  a  nonnal 
heart.  The  postmortem  fixed 
specimen  is  more  brown  and 
the  chambers  are  smaller  than 
in  life.  The  larger  chamber 
with  the  thicker  walls  is  the 
left  ventricle:  the  ri^ht  ven¬ 
tricle  is  at  the  left  of  the 
illustration. 


Cross  .section  of  a  heart  with  an 
old  mijocardial  infarction  (a 
past  heart  attack).  White  .scar 
tissue  replaces  muscle  alonft, 
the  posterior  .surface. 


The  interruption  of  blood  flow'  in  the 
coronan'  arteries  on  the  surface  of  the 
heart  is  the  result  of  tw'o  proces.ses.  One  is 
the  narrowing  that  deyelops  gradually  oyer 
years;  it  is  due  to  atherosclerosis,  and  the 
resnlting  hardened  and  narrowed  arteiw  is 
said  to  be  arteriosclerotic,  d’he  other  is  a 
relatixely  sudden  obstruction  at  a  previ¬ 
ously  narrowed  site  that  is  usually  caused 
by  a  clot  formation,  wTich  may  be  at  the 
site  of  a  tear  in  the  inside  wall  of  the  arteri¬ 
osclerotic  arterv'.  There  is  more  recent  evi¬ 
dence  that,  occasionally,  a  coronaiw  arterv' 
may  stjueeze  down,  with  the  occlnsion 
being  the  result  of  spasm. 

Reducing  Mortality  From  Heart  Attack 

Heart  attack  and  coronaiw  heart  disease 
haye  been  the  leading  cause  of  death  in  the 
United  States  since  about  1940.  This  public 
health  problem  continued  to  increa.se  until 
the  middle  196()s  when  coronary  heart  dis¬ 
ease  accounted  for  one  in  three  deaths,  fn 
the  past  two  decades,  this  trend  has  been 
reyersed  dramatically,  and  these  deaths 
now  constitute  only  26  percent  of  the  total. 
The  ayerage  age  of  the  American  popula¬ 
tion  has  increased  during  this  period 
and  when  this  is  taken  into  account,  the 
age-adjusted  mortality  rate  actually  has 
decreased  by  42  percent.  Despite  this  pro- 
gres.s,  the  problem  is  far  f  rom  solyed.  Coro¬ 
nary  heart  disease  is  still  the  leading  camse 
of  death  and  a  leading  cause  of  discomfort 
and  di.sability. 

The  recent  decrease  in  coronary  heart 
di.sease  mortality  is  attributed  to  two  fac¬ 
tors — a  decrease  iu  the  occurrence  of  coro¬ 
nary  heart  disease,  and  more  effectiye  wav’s 
of  treating  it.  The  decrease  in  occurrence  of 
the  disea.se  seems  to  be  a  result  of  improve¬ 
ments  in  our  lifestyles.  smaller  segment 
of  the  population  is  smoking,  high  blood 
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U.S.  coronary  heart  disease,  all 
cardiovascular  disease,  and 
noncardiovascular  disease  age- 
adjusted  death  rate  trends,  as  a 
percentage  of  1963  rates 


The  rhythm  of  the  heart  is  re¬ 
flected  in  its  electrical  activity, 
which  is  one  of  the  important 
features  monitored  in  heart  at¬ 
tach  patients  in  the  mronary 
care  unit. 


Twenty-two  Year  Trends  in  Age-Adjusted  Death  Rates, 
U.S.A.,  1963-1985 


Noncardiovascular  Cardiovascular  Coronary  Heart 


pressure  is  better  controlled  Americans  are 
eating  less  saturated  fats,  and  blood  choles¬ 
terol  level  in  the  population  is  decreasing. 
Physical  activity  is  becoming  more  a  part  of 
our  lifestyle.  Health  education  programs 
have  been  initiated  and  changes  in  public 
behavior  have  taken  place.  Research  also 
has  brought  about  new  understanding  and 
more  successful  management  ol  heart  dis¬ 
ease.  Some  of  the  changes  in  the  manage¬ 
ment  of  acute  myocardial  infarction  are 
discussed  below  in  greater  detail. 

Progress  in  the  Care  of  Heart  Attack 
Patients 

Forty  years  ago,  myocardial  infarction  was 
diagnosed  on  the  basis  of  clinical  symp¬ 
toms,  signs  of  compromised  heart  pumping, 
and  changes  in  the  electrocardiogram.  But 
symptoms  may  be  mild  or  uncharacteristic, 
the  physical  examination  may  be  normal, 
and  the  electrocardiogram  may  not  show 
immediate  changes.  Few  blood  tests  avail¬ 
able  lorty  years  ago  would  show  any  change 
and  even  those  changes,  such  as  an 
increased  sedimentation  rate  of  the  blood 
cells  and  increase  in  the  number  ol  white 
blood  cells,  could  be  caused  by  other  prob¬ 
lems.  Additional  confirmatory  physical 
findings  and  changes  in  the  electrocardio¬ 
gram  might  evolve,  but  mild  cases  were 


often  missed.  Treatment  consisted  of 
relieving  pain,  giving  oxygen,  and  impos¬ 
ing  complete  and  prolonged  rest. 

Anticoagulant  drugs  were  coming 
into  use,  with  the  goals  of  avoiding  more 
clotting  in  the  coronary  arteries  and  pre¬ 
venting  clotting  elsewhere  that  might  lead 
to  embolization.  A  limited  number  of  drugs 
were  available  for  the  treatment  of  such 
complications  as  heart  failure,  shock,  and 
rhythm  disturbances.  The  underlying  con¬ 
cept  of  therapy  was  to  allow  the  body  to 
heal  itself  Slow  recove ly  with  return  to  a 
substantially  reduced  level  ol  activity  over 
6  or  more  months  was  considered  a  medical 
success.  Of  those  admitted  to  the  hospital, 
however,  one-third  died  and  many  more 
died  before  they  got  to  the  hospital. 

Today,  those  suspected  of  a  heart 
attack  are  brought  quickly  to  the  hospital. 
Many  new  therapies  exist,  including  those 
that  reverse  some  incipient  heart  muscle 
damage.  Of  those  hospitalized  85  percent 
or  more  survive.  Recovery  is  hastened  with 
many  patients  discharged  within  a  week 
and  back  to  their  normal  activities  in 
6  to  8  weeks. 

What  led  to  these  dramatic  changes 
in  the  management  of  heart  attack?  It  is 
interesting  to  examine  some  ol  the  major 
factors. 
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Developing  Better  Resuscitation 
Techniques 

The  first  major  developments  were  steps 
toward  more  effective  resuscitation  tech- 
ni(jues  and  attempts  to  applv  them  to 
patients  dving  of  a  heart  attack.  In  1933,  a 
method  of  cardiac  resuscitation  was  devel¬ 
oped  in  animals,  hut  it  recpiired  opening 
the  chest,  rhvthmic  massage  of  the  heart 
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An  elect wcardiographic 
rhythm  strip  showing  the  de¬ 
velopment  of  ventricidar  fibril¬ 
lation  (upper  panel).  This  is 
terminated  by  electrical  defi¬ 
brillation  (tracing  off  the  chart 
in  loivcr  panel)  which  is  fol¬ 
lowed  by  the  development  of 
normal  heart  rhythm. 


and  then  electrical  reversal  of  ventricular 
fibrillation.  Electrical  reversal  of  ventricu¬ 
lar  fibrillation  was  first  applied  to  a  human 
in  1947,  when  this  fatal  rhvthm  disorder 
developed  during  an  operation  inside  the 
chest  and  the  heart  was  easilv  accessible. 
Three  vears  later,  two  men,  each  of  whom 
had  developed  seemingly  fatal  heart  attacks 
in  the  hospital,  were  resuscitated  by  emer- 
gencv  opening  of  the  chest  heart  massage, 
and  defibrillation. 

Techniques  for  defibrillation  and 
pacing  through  the  intact  chest  wall  were 
developed  a  few  years  later,  but  the  need  to 
open  the  chest  and  squeeze  the  heart  for 
maintaining  the  circulation  stood  in  the 
way  of  applving  these  teclnikpies  wadely  In 
1960,  this  problem  was  overcome  with  the 
demonstration  that  some  circulation  could 
be  achieved  without  opening  the  chest,  by 
regular  compression  on  the  breastbone  and 


chest,  (ft  was  long  thought  that  this  process 
represents  massaging  the  heart,  but  it  is 
actuallv  a  bellows  action  of  the  chest.)  This 
procedure,  combined  with  month-to-mouth 
respiration,  allowed  maintenance  of  the 
circulation  until  the  di,sorder  of  the  heart 
rhvthm  could  be  controlled  by  defibrilla¬ 
tion.  These  developments  led  to  the  estab¬ 
lishment  of  the  coronaiT  care  unit  (C(IU) 
to  seiwe  as  a  facilitv  in  which  heart  attack 
patients  could  be  observed  so  that  attempts 
at  resuscitation  could  be  started  promptlv. 
Soon,  their  value  became  apparent  as  an 
environment  that  allowed  the  earlv  recogni¬ 
tion  of  cardiac  problems  and  their  effective 
treatment. 

Managing  Rhythm  Disturbances 

Tlie  existence  of  cardiac  rhvthm  distur¬ 
bances  with  heart  attacks  had  long  been 
recognized  but  it  was  not  until  the  earlv 
196()s  that  their  importance  was  appreci¬ 
ated.  It  was  then  noted  that  seeminglv 
minor  rhvthm  disturbance.s — ^ventricular 
premature  contractions  and  other  signs  of 
ventricular  irritabilitv — ^were  verv  common 
earlv  during  a  heart  attack;  that  ventricidar 
fibrillation,  the  chaotic  and  ineffectual 
quivering  of  heart  muscle,  was  the  cause  of 
about  one-half  of  the  heart  attack  deaths  in 
the  hospital;  and  that  ventricidar  fibrilla¬ 
tion  generally  was  heralded  bv  ventricular 
irritabilitv  that  would  be  considered  benign 
in  other  circumstances.  These  findings,  and 
developments  in  engineering  technologv', 
led  to  an  emphasis  upon  constant  monitor¬ 
ing  of  the  heart  rhvthm  and  the  earlv 
administration  of  autiarrhvthmic  drugs  to 
prevent  the  development  of  fatal  rhvthm 
disturbances.  Lidocaine,  a  drug  u.sed  as  a 
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local  anesthetic,  was  found  to  have  signifi¬ 
cant  antiarrhvthmic  properties  and  it  could 
he  given  intravenously  to  achieve  prompt 
control.  Thus,  the  prevention  of  fatal 
rhythm  disturbances  took  the  place  of 
resuscitation  as  the  primaiy  goal  of  the 
coronary  care  unit. 

But  almost  two-thirds  of  heart  attack 
deaths  were  occurring  before  patients  were 
admitted  to  the  hospital.  When  the  impor¬ 
tance  of  rhythm  disturbances  in  sudden 
death  was  recognized  and  methods  for 
managing  these  rhvthm  disturbances 
became  available,  emphasis  was  placed 
upon  early  hospitalization  of  patients  with 
the  suspicion  of  heart  attack.  Emergency 
care  was  also  upgraded.  By  the  late  196()s, 
some  ambulances  were  being  equipped 
with  coronary  care  facilities.  Ambidance 
personnel  received  special  training,  and 
radio  links  transmitted  the  electrocardio¬ 
gram  and  provided  voice  communications 
with  physicians.  These  developments  and 
efforts  for  better  care  of  trauma  victims  led 
to  the  major  improvement  in  emergency 
care  systems  in  this  countrv  in  the  1970.S. 

The  Role  of  Clinieal  Research 

Despite  such  advances,  the  management  of 
myocardial  infarction  was  still  largely  prag¬ 
matic.  Research  was  being  focused  on  the 
underlying  problem  of  atherosclerosis  and 
to  a  limited  extent,  on  the  rhythm  compli¬ 
cations  of  heart  attack,  but  veiy  little  atten¬ 
tion  was  being  directed  to  understanding 
the  full  scope  of  heart  attack  or  its  possible 
therapy.  Thus,  in  1966,  the  then  National 
Heart  Institute  undertook  the  development 


of  a  broadlv  based  clinical  and  funda¬ 
mental  research  program  focused  on 
myocardial  infarction — unraveling  the 
fundamental  physiological  disturbances, 
characterizing  the  course  of  the  acute 
illness,  and  developing  more  effective 
therapies.  A  network  of  nine  Myocardial 
Infarction  Research  Units  was  established; 
they  were  the  forerunners  of  the  Special¬ 
ized  Centers  of  Research  that  are  now 
directed  at  several  important  clinical  prob¬ 
lems  within  the  puiwiew  of  the  National 
Heart,  Lung,  and  Blood  Institute.  The  first 
major  task  of  the  program  was  the  develop¬ 
ment  of  research  coronary  care  units.  In 
these  facilities,  patients  could  be  monitored 
and  treated  at  least  as  well  as  in  the  coro- 
narv  care  nnits,  but  more  extensive  physio¬ 
logical  and  clinical  observations  coidd  be 
made.  In  immediate  proximity  to  the  units, 
special  x-rav  and  cardiac  catheterization 
facilities  were  made  available. 

New  techniques  were  developed  for 
characterizing  the  effects  of  impaired  heart 
muscle  and  its  pumping.  One  of  the  most 
important  of  these  new  technifjues  has  per¬ 
mitted  the  measurement  of  blood  pressure 
inside  the  right  side  of  the  heart  and  in  the 
pulmonaiw  va.sculatnre  without  the  need 
for  moving  the  patient  from  the  bed.  A  spe¬ 
cial  catheter  with  a  deflated  balloon  at  its 
tip  could  be  inserted  into  a  forearm  vein 
and  advanced  through  the  venous  system  to 
the  right  heart,  where  the  balloon  would  be 
inflated;  the  distended  balloon,  and  thus 
the  catheter  tip,  would  be  carried  into  the 
right  heart  and  on  into  the  pidmonaiy  arte¬ 
rial  system.  This  Swan-Ganz  catheter, 
which  was  developed  as  a  research  method 
has  evolved  into  a  widelv  used  clinical  tool 
for  assessing  patients  with  heart  attack  and 
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other  circulatorv'  prolilenis.  It  also  has  been 
further  refined  so  that  otlier  functions  can 
he  performed  with  the  catheter,  including 
sensing  electrical  signals  within  the  heart 
measuring  blood  flow;  and  pacing  the 
heart 

Research  in  this  setting  led  to  a  much 
more  extensive  characterization  of  the  com¬ 
plexity  of  heart  attack  and  the  responses  of 


A  Swati-Ganz  catheter.  The 
contents  of  the  si/ringe  at  one 
end  have  been  used  to  distend 
the  balloon  at  the  other  end. 


the  body — the  hemodvnamic;  endocrine, 
and  metabolic  effects,  as  well  as  common 
psychological  and  emotional  consequences. 
New  therapies  were  evaluated.  The  feasibil¬ 
ity  of  extensiv'e  physiological  studies  was 
demonstrated  even  in  the  face  of  acute  ill¬ 
ness.  In  addition  to  the  important  obseiwa- 
tions  about  mvocardial  infarction,  it  w'as 
found  that  patients  were  not  nearly  as  fra¬ 
gile  as  had  been  thought  and  could  undergo 
much  more  extensive  investigation  and 
activity  than  had  been  recognized  previously. 


Early  in  this  research  program,  the 
thrust  of  efforts  shifted  from  seeking  to 
prevent  death  from  heart  attack  to  reducing 
the  amount  of  damage  caused  by  a  heart 
attack.  The  underKing  tenet  was  that  the 
amount  of  heart  muscle  damage  w'as  not 
irreversibly  determined  at  the  time  of 
admission  to  the  hospital.  Research  in  ani¬ 
mals  demonstrated  that  irreversible  heart 
muscle  damage  occurred  only  after  about 
a  half-hour  of  abrupt  complete  coronary 
artery  occlusion;  further  research  has 
shown  that  the  wandow  of  opportunity  for 
preventing  or  reducing  heart  muscle  dam¬ 
age  extends  for  several  hours  in  the  typical 
clinical  setting.  Three  major  lines  of 
research  were  pursued:  decreasing  the  work 
load  upon  the  heart  by  a  variety  of  manipu¬ 
lations;  modifyang  the  biochemical  environ¬ 
ment  of  heart  muscle  yyath  the  goal  of 
protecting  it;  and  reperfusing  the  occluded 
vessel,  including  the  use  of  substances  that 
yvoidd  dissolve  or  “lyse”  blood  clots. 

Adapting  Other  Cardiology  Techniques 

Some  of  the  major  developments  in  the 
treatment  of  acute  mvocardial  infarction 
came  from  progress  on  other  problems  in 
cardiology;  particidarlv  the  management  of 
chronic  coronai'v  heart  disease.  For  e.xam- 
ple,  a  new  .x-ray  technique,  coronary  angio¬ 
graphy  permitted  visualization  of  coronary 
arteries  and  their  narrowangs.  A  catheter  is 
threaded  into  an  arteiw  in  the  arm  or  groin, 
back  to  the  heart  and  into  the  orifice  of 
one  of  the  coronary  arteries  for  the  injec¬ 
tion  of  a  licjuid  that  absorbs  x-ravs.  In  the 
late  196().s,  soon  after  the  anatomic  details 
of  coronary'  arteiw  disease  could  be  charac¬ 
terized  by  this  x-ray  techni(jue,  a  surgical 
procedure  was  developed  to  overcome  the 
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An  illustration  of  the  result  of 
a  ammarij  artenj  bifpass  proce¬ 
dure.  A  vessel  is  positioned  to 
allow  blood  flow  from  the  aorta 
(the  large  artenj  leading  from 
the  heart}  to  the  left  anterior 
descending  coronary  artenj, 
downstream  from  a  narrowing. 


Illustration  of  the  jrercutanc- 
ous  transluminal  coronary  an¬ 
gioplasty  procedure.  At  left, 
the  catheter-tip  balloon  has 
been  jiositioncd  at  the  site  of 
arterial  narrowing  At  the 
right,  the  catheter  is  distended 
to  remold  the  artery  and  re¬ 
lieve  the  narrowing 


effects  of  coronary  obstruction.  In  coronary 
artei-y  bypass  surgery  a  vein  from  a  leg  or 
an  artery  on  the  inner  chest  wall  is  trans¬ 
planted  to  allow  blood  flow  around  the 
site  of  coronaiy  obstruction. 

About  a  decade  later,  a  method  was 
developed  to  relieve  the  obstruction  itself 
by  a  catheter  technique,  thus  avoiding  the 
need  for  surgery  in  some  patients.  In  this 
percutaneous  transluminal  coronary  angio- 
plastv  procedure,  a  catheter  with  a  tiny 
deflated  balloon  at  its  tip  is  advanced 
through  the  arterial  system  so  that  the  bal¬ 
loon  is  at  the  site  of  coronary  obstruction; 
the  balloon  is  briefly  inflated  at  high  pres¬ 
sure  to  dilate  the  narrowing  and  relieve  the 
coronary  obstruction.  Drugs  used  in  the 


management  of  angina  pectoris,  such  as  the 
beta-blockers  that  diminish  the  work  load 
in  the  heart  and  more  recently,  the  calcium 
channel  blockers,  are  used  in  acute  myocar¬ 
dial  infarction.  Developments  in  the  man¬ 
agement  of  chronic  congestive  heart  failure, 
such  as  the  use  of  vasodilator  drugs,  also 
have  been  applied  to  acutely  ill  patients. 

Advances  in  Diagnosis  and  Evaluation 

Many  diagnostic  and  evaluative  techniques 
have  been  utilized.  For  example,  enzymes 
released  bv  damaged  heart  muscle  can  be 
detected  in  the  blood  and  used  to  help  diag¬ 
nose  a  heart  attack  early  or  to  recognize  the 
progression  of  heart  attack.  The  first  of 
these  enzymes,  found  by  a  medical  student 
working  in  a  research  laboratory  one 
summer,  was  (juite  useful.  It  is,  however, 
released  bv  injured  or  congested  liver,  skele¬ 
tal  muscle,  and  other  sources.  Further 
research  identified  an  enzyme  (the  MB 
isoenzyme  of  creatine  kinase),  that  is 
almost  uniejne  to  heart  muscle  and  is  there¬ 
fore  specific  for  the  diagnosis  of  myocardial 
infarction  when  detected  in  the  blood¬ 
stream.  A  number  of  radioisotope  tech¬ 
niques  are  very  useful;  some  radioisotopes 
localize  in  damaged  heart  muscle  and 
others  identify  healthy  heart  muscle. 
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X-rat/s  of  the  left  coronary  ar¬ 
tery  system  (with  injections  of 
X-ray  opaque  dye  in  it)  before 
and  after  percutaneous  trans¬ 
luminal  coronanj  angioplasty 
(FTC A).  The  coronary  angio¬ 
gram  on  the  left  (before  PTC  A) 
shows  a  serious  narrowing  in 
the  artery  at  the  top  center 
which  is  opened  up  after 
PTC  A  as  shown  in  the  angio¬ 
gram  on  the  right. 


Still  other  radioisotopes  that  are 
tagged  onto  substances  that  stay  in  the 
blood  can  be  used  to  characterize  the 
pumping  performance  of  the  heart.  Ultra¬ 
sound  techniques — echocardiography — 
also  can  estimate  pumping  effectiveness 
and  can  detect  such  structural  abnormali¬ 
ties  as  damaged  heart  valves.  The  electrical 
activitv  underlying  rhythm  disturbances 
can  be  characterized  more  precisely  by  spe¬ 
cial  signal  sensing  and  processing  systems. 
Such  x-ray  techniques  as  ventriculography 
and  coronary  angiography  can  visualize  the 
main  pumping  chambers  and  the  coronary 
arteries  with  great  precision.  New  imaging 
techniques,  such  as  magnetic  resonance 
imaging  and  positron  emission  tomography 
are  being  used  to  characterize  metabolic 
function  and  to  provide  images  of  heart 
structure.  A  radioisotope-tagged  antibody 
to  a  substance  in  clotted  blood  attaches  to 
a  blood  clot  and  can  be  used  to  identify 
these  occluded  lesions  in  a  coronarv  arterv. 
This  diagnostic  process  is  being  modified 
into  a  therapeutic  technique  to  carry'  drugs 
more  effectively  and  directly  to  occlusions. 


Current  Concepts  in  Management 

Today,  the  concepts  and  management  of 
myocardial  infarction  are  vastly  different 
from  what  they  were  40  years  ago.  Early 
recognition  and  very  early  treatment  are  at 
a  premium  because  a  major  goal  is  to  avoid 
or  at  least  to  reduce  the  amount  of  heart 
damage.  Rhythm  disturbances  can  be 
detected  more  reliably  and  controlled  with 
greater  effectiveness.  The  changes  in  the 
circulatory  system  that  are  associated  with 
myocardial  infarction  are  better  under¬ 
stood  and  therapy  can  minimize  the  work 
load  on  the  heart  yet  maintain  an  adequate 
circulation. 

Most  dramatically  blood  clots  in  the 
coronarv  arteries  are  being  attacked 
directly  Substances  that  dissolve  fresh 
blood  clots — thromboK'tic  agents — are 
being  utilized.  When  the  thrombolvtic  sub¬ 
stances  initially  available  were  tested  with 
intravenous  use,  the  results  were  not  per¬ 
suasive.  Subsequently,  thrombolvtic  sub¬ 
stances  yvere  introduced  directly  into  the 
affected  coronarv  artery'  by  cardiac  cathe¬ 
terization.  This  procedure  produced  effects 
that  were  often  dramatic  and  directly  visi¬ 
ble  on  the  angiogram,  but  the  technique 
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A  ri^ht  coronary  artery  before 
( left)  and  after  ( right)  dissolu¬ 
tion  of  a  clot  by  a  thrombolytic 
agent  Note  the  extensive  arte¬ 
rial  system  that  did  not  fill 
ivith  dye  because  of  the  occlud¬ 
ing  clot:  it  fills  readily  after 
thrombolysis. 


required  special  facilities  and  almost  imme¬ 
diate  cardiac  catheterization  to  permit 
administration  of  the  drug  within  4  hours 
of  the  onset  of  symptoms.  Even  when  facili¬ 
ties  are  available,  delavs  are  unavoidable, 
and  intracoronarv  drug  administration  is 
often  too  late.  But,  the  beneficial  effects  of 
intracoronarv  thrombolysis  prompted  new 
looks  at  early  intravenous  administration  of 
existing  agents  and  the  identificatioa  puri¬ 
fication,  and  svnthesis  of  other  thrombo¬ 
lytic  agents.  With  the  use  of  molecidar 
biology  and  biotechnology,  thrombolytic 
substances  that  exist  in  the  human  body 
have  been  reproduced  and  synthesized  in 
large  quantities.  These  agents  seem  even 
more  effective  and  more  free  of  side  effects. 


Thrombolytic  agents  have  now  been  shown 
to  be  ef  fective  in  the  majority  of  patients 
if  they  are  given  early  after  the  onset  of 
myocardial  infarction,  even  when  given 
intravenously.  Thus,  the  therapy  can  be 
used  widely,  quickly,  and  without  special 
facilities. 

Although  early  thrombolvtic  therapy 
breaks  up  perhaps  three-quarters  of  the 
occlusive  clots,  the  underlving  chronic  cor- 
onarv  narrowing  remains,  and  the  likeli¬ 
hood  of  recurrent  obstruction  is  significant. 
Current  techniques  permit  relief  of  the 
obstruction  with  percutaneous  translumi¬ 
nal  coronary  angioplasty  even  while  the 
heart  attack  is  fresh;  whether  this  therapv 
is  beneficial  during  the  immediate  hours 
after  a  heart  attack  or  later  during  hospi¬ 
talization  is  yet  to  be  determined. 
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Tlie  fundamental  concept  today  is  to 
minimize  damage  and  to  assure  a  prompt 
recovery  svvift  rehalnlitation,  and  return  to 
what  is  often  a  more  active  lifestyle  than 
existed  before  the  heart  attack.  In  many 
hospitals,  a  patient  wath  uncomplicated 
heart  attack  is  discharged  in  7  to  10  days,  a 
marked  contrast  from  the  4  to  6  or  more 
weeks  that  was  common  in  the  past.  Active 


Radioisotopic  images  of  a  heart 
during  ischemia  (left)  and 
after  ischemia  (right).  The  two 
pictures  are  like  vertical  cross 
sections  of  the  heart,  with 
yellow-orange-red-violet  repre¬ 
senting  progressively  lesser 
,  concentrations  of  radioisotope. 
An  area  of  ischemia — the  left 
half  of  the  left  image — is  re- 
I  fleeted  by  an  absent  uptake  of 
the  injected  isotope. 


rehabilitation  is  practiced.  Even  before  the 
patient  leaves  the  hospital,  cartliac  function 
is  often  assessed  by  using  carefully  con¬ 
trolled  e.xercise  testing  to  help  guide  the 
rehabilitation.  Major  attention  is  given  to 
lifestvle  factors  to  reduce  risk — modifica¬ 
tions  in  diet  exercise  habits,  weight  and 
smoking  avoidance. 

Future  Directions 

Major  challenges  remain  in  the  manage¬ 
ment  of  acute  myocardial  infarction.  Fur¬ 
ther  reductions  in  the  development  of  the 
underlving  atherosclerotic  disease  are  of 
fundamental  importance.  The  factors  that 
convert  chronic  coronary'  heart  disease  to 
acute  myocardial  infarction  must  be  clari¬ 
fied  so  that  strategies  can  be  developed  to 
interrupt  or  avoid  them.  In  the  treatment  of 
myocardial  infarction,  optimizing  throm¬ 
bolytic  therapy  the  choice  of  thrombolytic 
agent,  and  a  clarification  of  the  role  of 
mechanical  relief  remain  important  issues. 
More  effective  management  of  heart  failure 
when  heart  muscle  damage  is  extensive 
remains  a  challenge.  The  momentum  of 
advance  continues. 

Peter  L.  Frorntner,  M.D. 
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Risk  Factors  for  Cardiovascular  Disease: 
The  Framingham  Heart  Study 


Framingham  participants  have 
their  periodic  checkups  in  a 
white  frame  house  that  serves 
as  the  study  ’s  medical  facilitij. 


TThe  Framingham  Heart  Study 
began  over  40  years  ago  almost  co¬ 
incident  with  the  beginning  of  the 
National  Heart,  Lung,  and  Blood 
Institute.  Dr.  Joseph  Mountin,  an 
Assistant  Surgeon  General  of  the 
United  States  Public  Health  Ser¬ 
vice,  proposed  to  use  the  methods 
of  a  science  known  as  epidemiol¬ 
ogy  to  study  why  people  get  heart 
attacks,  strokes,  and  other  degen¬ 
erative  vascular  diseases  related 
to  atherosclerosis  or  “hardening  of 
the  arteries”.  Up  to  that  point,  ep¬ 
idemiology,  which  means  literally 
the  study  of  an  epidemic,  was 
used  to  study  infectious  diseases 
and  nutritional  epidemics.  Doc¬ 
tors  and  health  scientists  would 
go  into  a  town  that  had  an  epi¬ 
demic  of  typhoid  fever  and  locate 
the  sources  of  the  germs  and  how 
they  were  transmitted,  and  then 
use  all  the  information  to  stop  the 
epidemic.  Dr.  Mountin  reasoned 
that  perhaps  these  same  tech¬ 
niques  could  be  used  against  the 
number  one  epidemic  afflicting 
the  country,  which  was  coronary 
heart  disease.  He  felt  that  if 
enough  was  learned  about  how 
this  disease  developed  in  a  free- 
living  population,  enough  clues 
might  also  be  found  that  would 


lead  us  to  the  best  way  to  prevent 
this  disease.  Although  many  ex¬ 
perts  in  epidemiology  of  that  day 
insisted  that  epidemiology  could 
not  be  used  to  study  a  chronic  ill¬ 
ness,  he  persisted  in  his  plan  to 
find  a  town  in  the  United  States 
to  do  this  project. 


The  Early  Years 

A  number  of  locations  had  been  suggested 
as  a  site  for  the  study.  Instrumental  in  the 
selection  of  Framingham  was  Dr.  David  D. 
Rutstein,  who  had  just  arrived  in  Boston  to 
become  Chairman  of  the  Department 
of  Preventive  Medicine  at  the  Hai-vard 
Medical  School.  After  looking  at  possible 
sites  in  Massachusetts,  the  town  of 
Framingham  was  selected  for  the  study 
because  it  had  been  used  in  the  years  1917 
through  1923  bv  the  Metropolitan  Life 
Insurance  Company  to  study  tuberculosis 
in  a  free-living  population.  The  Metropoli¬ 
tan  Life  Insurance  Company  sent  70  doc¬ 
tors  and  nurses  into  Framingham  to  take 
sputum  and  other  cultures  to  identify  how 
tubercidosis  is  spread  and  to  understand 
how  to  cnrtail  this  problem.  Because  the 
towm  already  had  experience  with  medical 
researchers,  it  was  decided  to  use  it  for  the 
study  of  heart  diseases.  In  maiiy  respect.s. 
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Figure  1. 

Average  annual  incidence  of 
coronarif  heart  disease  in  men 
and  women  aged  45  to  74. 


Framingham  turned  out  to  be  an  ideal 
choice.  It  was  far  enough  away  from  Boston 
so  that  the  people  used  the  local  facilities 
for  health  care.  This  made  follow-up  much 
easier.  Moreover,  it  was  close  enough  to 
Boston  so  that  the  study  doctors  could 
obtain  the  expertise  of  many  specialists  in 
Boston.  Through  the  years,  these  specialists 
have  continued  to  come  to  Framingham  to 
give  advice.  By  October  of  1947,  a  team 
under  the  direction  of  Dr.  Gilcin  Meadors 
had  arrived  in  Framingham  to  organize  the 
study.  It  was  fuly  1,  1949,  when  Dr.  C.f.  Van 
Slvke,  the  first  director  of  what  was  to 
become  the  National  Heart,  Lung,  and 
Blood  Institute,  assumed  responsibility  for 
what  was  then  called  the  Framingham 
Heart  Disease  Epidemiology  Study. 

After  the  study  came  under  the  Insti¬ 
tutes  puiwiew,  a  new  protocol  was  devel¬ 
oped  largelv  by  Mr.  Felix  Moore.  It  was 
implemented  by  Dr.  Thomas  Boyle  Dawber 
who  directed  the  completion  of  the  first 
cycle  of  the  study  of  the  population.  His 
leadership  provided  for  most  of  the  tech¬ 
niques  and  policies  that  governed  the  oper¬ 
ation  of  the  Framingham  Heart  Study 

From  its  beginning,  the  subjects  of  the 
Study  who  represent  every  other  man  and 
woman  in  the  town  of  Framingham 
between  the  ages  of  30  and  62  years — in 
all  some  5,209  men  and  women  out  of  the 
total  population  of  10,000  adults  in  Fram¬ 
ingham — have  been  examined  every  two 
years  to  determine  their  health  status  and 
particularly  to  identify  those  who  develop 
the  setjuelae  of  the  atherosclerotic  process. 
Many  other  diseases  have  been  studied  at 
Framingham  as  well,  including  lung  dis¬ 
eases,  cancer,  and  eye  diseases. 

One  of  the  first  findings  of  the  Fram¬ 
ingham  Heart  Study  was  the  rate  of  heart 
attack  that  afflicted  the  population.  In  the 
first  14  years  of  the  study,  eveiy  eighth 
man,  40  to  44  years  old  developed  some 


form  of  coronary  heart  disease  (CHD). 
Eveiy  sixth  man,  45  to  49  years  old;  every 
fifth  man,  50  to  54  years  old;  and  every 
fourth  man,  55  years  or  older,  also  devel¬ 
oped  some  clinical  manifestation  of  this 
disease,  ranging  from  angina  pectoris  (per¬ 
haps  its  mildest  form)  to  sudden  death  (its 
most  devastating  form).  By  the  age  of  60 
years,  eveiy  fifth  man  in  the  town  had 
become  a  victim  of  CHD  in  one  form  or 
another.  Coronaiw  heart  disease  prevalence 
rates  are  similar  throughout  the  United 
States.  Before  menopause,  Eramingham 
women  fared  better  than  men,  but  after 
menopause,  their  CHD  rates  caught  up 
with  those  of  men  of  the  same  age. 

The  Concept  of  Risk  Factors 

The  wav  things  were  done  in  Eramingham 
went  something  like  this.  People  entered 
the  study  in  good  health  and  many  things 
were  measured  tliat  are  traditionally  mea¬ 
sured  by  doctors,  such  as  blood  pressure, 
blood  sugar,  and  cholesterol.  Other  mea¬ 
surements  were  taken,  however,  that  relate 
to  life  style  and  life  habits  that  were  not 
usually  considered  in  those  days.  The  study 
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participants  were  then  followed  eveiw  two 
years  h\'  periodic  medical  examinations. 
Some  went  on  to  develop  heart  attacks; 
some  did  not.  It  became  possible,  thereby, 
to  compare  the  people  who  did  get  a  heart 
attack  with  the  people  who  did  not  on  the 
basis  of  the  many  things  that  were  mea¬ 
sured  in  each  group  when  the  study  partici¬ 
pants  were  healthy  many  years  before. 


Figure  2. 

Coronarij  heart  disease  morbid¬ 
ity  and  lipid  level  at  entry  mto 
study  in  men  aged  30  to  62. 


According  to  Lipid  Level  on  Initial  Exam  Men  30-62  at  Entry; 
Framingham  Study 
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Anything  that  yon  conld  measure  that 
became  associated  with  a  higher  rate  ol 
heart  attack  or  stroke  later  in  life  became 
knowTi  as  a  risk  factor. 

Framingham  was  one  of  the  first  stud¬ 
ies  to  develop  the  concept  known  as  the 
risk  factor.  A  risk  factor  may  play  a  role  in 
producing  disease.  To  estLihlish  such  a  con¬ 
nection,  however,  intervention  trials  must 
he  done.  And  so,  it  has  been,  over  the  yeans, 
that  someone  woidd  look  at  the  evidence  in 
Framingham,  for  example,  of  the  nde  of 
cholesterol  in  producing  heart  attacks  and 
design  a  study  to  lower  cholesterol  to  see  if 
it  was  possible  to  prevent  a  heart  attack. 
Indeed  it  is  of  no  little  consequence  that 
if  yon  lower  blood  cholesterol  levels,  yon 
lower  the  rate  of  heart  attack — but  we  are 
getting  ahead  of  the  cholesterol  story-  which 
follows. 


Chole,sterol  and  Heart  Disea,se 

Blood  cholesterol  level  was  one  of  the  first 
major  risk  factors  for  (illD  identified  in 
Framingham.  Data  from  the  first  18  years 
of  the  study  show  the  association  of  blood 
cholesterol  level  with  the  incidence  of  Cl  ID 
(Figure  1).  For  every  1  ])ercent  increa.se  in 
blood  cholesterol  level,  a  person  s  chance  of 
heart  attack  increLised  by  2  percent.  During 
the  first  30  years  of  the  Framingham  Study 
more  than  90  percent  of  people  with  blood 
cholesterol  levels  over  300  mg/dl  developed 
a  heart  attack.  The  average  blood  choles¬ 
terol  level  in  men  who  had  a  heart  attack 
was  244  mg/dl;  however,  most  heart 
attacks  occurred  in  men  whose  blood 
cholesterol  levels  were  hetw'een  200  and 
270  mg/dl. 

The  cholesterol  story  is  veiw  complex. 
Cholesterol  is  carried  in  our  blood  in  asso¬ 
ciation  with  five  classes  of  fat  packets,  or 
particles,  that  we  call  lipoproteins.  Of  these 
five,  at  least  three  have  been  identified  as 
plaving  major  roles  in  the  development  of 
Cl  ID:  veiT  low-densitv  lipoproteins 
(VLDL),  low-densitv  lipoproteins  (LDL), 
and  high-densitv  lipoproteins  (fIDL).  As 
Figure  2  shows,  LDL  levels  are  related  in 
linear  fashion  to  CUD  morhiditv.  People 
with  the  highest  levels  of  LDOcholesterol 
have  a  genetic  disease,  familial  hypercholes¬ 
terolemia  (FH  ).  For  their  yvork  on  this  sub¬ 
ject,  Drs.  Michael  S.  Brown  and  Joseph  L. 
Goldstein  received  the  1985  Nobel  Prize  in 
Physiology-  or  .Medicine.  Some  people  yvith 
FIl  dev-elop  CUD  at  a  ven'  vonng  age.  .\fso 
sho\Mi  in  Figure  2  are  data  from  the  Fra¬ 
mingham  Study-  on  \'LDL  yvhich  transports 
most  of  the  triglvceride  in  blood.  As  can  he 
seen,  the  higher  the  blood  triglvceride  level 
the  liigher  the  heart  attack  rate.  4’he  third 
major  class  of  cholesterol-transporting  lipo¬ 
protein  is  IIDL  which,  in  contrast  to  LDL 
and  \’LDL,  can  have  a  protective  effect 
yyith  respect  to  Cl  ID. 
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Statistical  Analysis  and  Risk  Factors 

Framingham  pioneered  progress  in  the  use 
of  statistical  analysis  to  determine  how  risk 
factors  are  associated  with  disease.  In  any 
disease,  there  are  usually  many  factors 
involved,  some  of  which  will  be  associated 
with  other  factors  that  may  not  contribute 
to  the  actual  cause  of  the  disease.  To  under¬ 
stand  these  complex  relationships  and  to 


Figure  3. 

Incidence  of  coronan/  heart 
disease  hi/  high-densitij  lipo¬ 
protein  cholesterol  level  in  men 
and  ivomen  a^ed  50  to  80 
years 


HDL  and  Risk  of  Coronary  Heart  Disease 


200 


o 


Serum  Lipid  Concentration 


Vegetarians 


Half  the  Boston  Average  Risk  Average  Victim  Twice  Average  Triple  Average 

Average  Risk  Marathon  of  Heart  of  Heart  Risk  Risk 

of  Heart  Runners  Disease  in  Disease 

Disease  (Physicians)  Americans 


Figure  4. 

Cholesterol  ratio  (total  blood 
cholesterol:  1 1  DL-cholesterol ) 
as  a  clue  to  risk  of  coronary 
heart  disease. 


get  at  the  most  direct  causes  of  any  disease, 
multivariate  or  multilogistical  statistical 
tests  are  performed.  These  tests  try  to 
determine  what  part  of  an  association 
between  a  factor  and  a  disease  is  due  to  the 
factor  directly  and  not  to  its  association 
with  other  factors  that  are  also  related  to 
that  disease.  The  statistical  methodology 
developed  during  the  Framingham  Study 
allows  us  to  look  at  the  independent  contri¬ 
bution  of  a  factor  to  disease  risk.  It  allows 
us,  for  e.xample,  to  isolate  the  role  of  tri¬ 
glyceride  for  close  examination. 

Blood  triglyceride  level  was  found  to 
be  an  independent  risk  factor  for  CHD  for 
women,  but  not  for  men,  as  shown  by  multi¬ 
variate  analysis;  thus,  it  has  been  the  object 
of  much  debate.  Lately,  it  has  been  shown 
that  people  with  high  blood  triglyceride  lev¬ 
els  and  low  levels  of  high-density  lipopro¬ 
teins  are  at  risk  of  heart  attack  as  well  as 
diabetes  mellitus.  This  group  is  also  likely 
to  have  high  uric  acid  levels  that  could  lead 
to  additional  health  impairment.  These 
findings  appear  to  apply  equally  to  men 
and  women. 

HDL-CholesteroI — ^The  “Good” 
Cholesterol 

Another  element  of  the  cholesterol-heart 
attack  relationship  is  the  role  of  HDL;  the 
higher  the  HDL  blood  level  the  lower  the 
subsequent  risk  of  CHD  (Figure  3).  This 
finding  prompted  the  Reader’s  Digest  to 
call  HDDcholesterol  the  “good  kind  of 
cholesterol.”  High-density  lipoprotein  parti¬ 
cles  initiate  the  transport  of  cholesterol 
from  arterial  wall  deposits  back  to  the 
liver,  from  which  95  percent  of  the  daily 
cholesterol  excreted  leaves  our  bodies 
(through  the  bile  duct  and  intestines).  The 
higher  the  HDL  level  in  blood,  the  lower 
will  be  the  total  amount  of  cholesterol  in 
the  body. 
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Figure  5. 

Incidence  of  coronan/  lieari 
disease  bij  blood  pressure  level 
in  men  and  tcomen  aged  45  to 
74  years. 


Figure  6. 

Cigarette  smoking  and  risk  of 
coronary  heart  disease  in  men 
under  age  55. 
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'Framingham  study.  20-yr  follow-up 

A  simple  way  of  determining  a  per¬ 
son’s  lipid  profile  is  to  measure  just  two 
kinds  of  cholesterol  in  the  blood  stream — 
the  total  cholesterol  and  the  HDI^choles- 
terol — and  divide  the  smaller  number  (the 
HDL  part)  into  the  larger  number  (the 
total  cholesterol  part).  As  Figure  4  shows, 
the  higher  this  ratio,  the  higher  the  risk  of 
heart  disease.  We  woidd  recommend  that 
all  Americans  trv  to  achieve  a  ratio  below 
4.5,  not  because  4.5  is  absolutelv  safe — 3.5 
is  closer  to  a  safe  number — but  primarily 
because  4.5  is  a  signal  that  tells  a  person  to 
adjust  his  or  her  lipid  profile.  One-half  of 
all  Americans  die  from  atherosclerotic  dis¬ 
ease  and  the  sooner  they  start  to  correct 
their  blood  cholesterol  levels,  bv  diet  and 
exercise  especially,  the  better  it  wall  be 
for  them. 

Blood  Pressure 

A  different  but  Neiw  important  risk  factor 
found  in  Framingham  was  the  relationship 
of  blood  pressure  to  atherosclerotic  disease 


and  also  to  stroke.  Figure  5  shows  the  strik¬ 
ing  as.sociation  of  blood  pressure  ( Bib. 
whether  .svstolic  or  diastolic,  to  CHI)  inci¬ 
dence.  Compared  to  people  with  blood 
pressure  levels  in  the  normal  range,  if  von 
have  high  blood  pressure  (a  svstolic  BP  of 
160  mm  Hg  or  a  diastolic  BP  of  95  mm  Hg 
or  higher),  vou  can  expect  to  run  twice  the 
risk  of  heart  attack,  seven  times  the  risk  of 
stroke,  and  two  to  three  times  tlie  risk  of 
other  cardiovascidar  disease,  such  as  con¬ 
gestive  heart  failure  or  peripheral  vascular 
disease.  Even  borderline  high  blood  pres¬ 
sures  (svstolic  BP  of  140  to  159  mm  Hg, 
dia.stohc  BP  of  90  to  94  mm  Hg)  are  not 
healthv.  Thev  have  been  shown  to  produce  a 
50  percent  increase  in  the  heart  attack  rate 
(three  times  the  rate  of  stroke),  and  sub¬ 
stantial  increases  in  the  rates  of  some  of 
the  other  vascidar  di.seases.  Hvpertension 
intervention  studies  conducted  since  the 
1960s  in  this  countrv  have  shown  that  low'- 
ering  blood  pressure  can  reverse  some  of 
these  diseases,  especiallv  stroke. 

Cigarette  Smoking 

The  third  major  risk  factor  identified  in 
Framingham  was  cigarette  smoking.  Smok¬ 
ing  cigarettes,  filtered  or  not,  doubles  the 
rate  of  heart  attack.  Men  under  age  55  who 
switched  to  filter  cigarettes,  as  shown  in 
Figure  6,  did  not  reduce  their  risk  during 
the  past  15  vears  in  Framingham.  People 
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wlio  stopped  smoking,  however,  reduced 
their  risk  of  heart  attack  so  that,  by  a  little 
over  a  year  after  cessation,  their  risk  of 
heart  attack  was  equivalent  to  that  of  peo¬ 
ple  who  had  never  smoked.  Cigarette  smok¬ 
ing  also  curtails  lung  function  resulting  in 
diseases  such  as  chronic  bronchitis  (which 
usiiallv  results  in  bouts  of  pneumonia  later 
in  life),  emphysemtr  ancf  all  too  frequently. 
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‘Framingham  study  18-year  follow-up:  data  shown  are  crude  rates  tor  the  age  group  45-74 


Figure  7. 

Five-i/ear  incidence  of  cardio¬ 
vascular  disease  and  death  h,j  cigarette  a 

relative  weight  person  smoked  a  day  in  the  first  30  years  in 

Framingham,  his  or  her  lung  cancer  rate 
rose  one  time.  Two  cigarettes  a  day  doubled 
the  rate,  three  tripled  it,  and  a  pack  a  day 
increased  the  lung  cancer  rate  by  almost 
20  times. 

Obesity 

Obesity  is  a  major  risk  factor.  As  you 
ascend  the  weight  scale  in  Framingham, 
your  subsequent  rate  of  cardiovascular  dis¬ 
ease  rises,  as  seen  on  the  left  side  of  Figure 
7.  The  greater  the  weight,  the  higher  the 
rate  of  heart  attack  and  stroke.  As  simple 
as  this  relationship  seems,  however,  there 
were  doubts  raised  about  this  finding.  For 


example,  we  learned  very  early  in  the 
Framingham  Study  that  as  people  gained 
weight,  thev  also  changed  many  of  their 
standard  risk  factors.  Their  LDL  and 
VLDL  (triglyceride)  cholesterols  would 
rise;  HDL  cholesterols  (the  good  cholester¬ 
ols)  would  fall.  Their  blood  pressures 
would  rise,  and  their  blood  sugars  and  uric 
acids  also  rose.  In  other  words,  a  host  of 
risk  factors  got  worse  as  weight  increased. 
Indeed  when  we  did  some  veiw  detailed 
statistical  analyses  to  determine  how  much 
of  the  change  in  the  rate  of  cardiovascular 
disease  was  explained  by  the  change  in 
these  traditional  risk  factors,  the  early 
residts  suggested  that  practically  all  the 
risk  could  be  explained  not  by  the  obesity 
itself  but  by  the  concomitant  changes  in 
the  risk  factors.  This  suggested  that  if  you 
got  fat  without  changing  any  risk  factors, 
while  you  would  still  pay  a  price  in  your 
weight-bearing  joints  and  a  psychological 
price  for  not  being  thin  and  beautiful, 
you  would  not  pay  a  price  in  terms  of  car¬ 
diovascular  disease.  As  follow-up  data  accu¬ 
mulated  however,  we  learned  that  if  you 
follow  the  people  who  gained  weight  but 
who  did  not  change  the  other  risk  factors, 
they  eventually  develop  higher  rates  of  car- 
diovascnlar  disease.  It  took  eight  vears  to 
see  this  in  the  men  and  fourteen  years  to 
see  it  in  the  women. 

Obesity  is  now  considered  an  indepen¬ 
dent  risk  factor  but  even  when  it  was  not  it 
had  to  be  one  of  the  most  important  risk 
factors  because  it  changed  so  many  other 
risk  factors  that  are  not  healthy.  Unfortu¬ 
nately,  the  obesitv  storv  did  not  end  there. 
Other  people  started  to  look  at  the  effect  of 
obesity  on  death  from  all  causes  and  saw  a 
U-shape  curve,  similar  to  the  curve  on  the 
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Figure  8. 

Thirty-year  relative  risk  of 
death  for  men  aged  30  to  39 
years  at  the  first  biennial  ex¬ 
amination.  The  blue  bar  repre¬ 
sents  men  of  desirable  weight 
(Metropolitan  Relative  Weight. 
100%  to  109%):  the  green  bar 
represents  overweight  men 
(relative  weight,  110%  or 
more)  and  the  red  bar  repre¬ 
sents  obese  men  ( relative 
weight  120%  or  more). 


Figure  9. 

Average  annual  incidence  of 
coronary  heart  disease  by 
blood  glucose  level 


right  hand  side  of  Figure  7,  and  they  all  said 
“my  goodness,  dont  he  skinny  those  people 
have  a  very  high  death  rate!”  We  at  Framing¬ 
ham  became  interested  in  this  curve  on 
death  and  soon  learned  that  the  people  who 
die  tat,  die  of  heart  attacks  and  strokes,  and 
the  people  who  die  thin  die  of  cancer.  And 
so  we  looked  at  death  in  smokers  and  non- 
smokers  and  as  you  can  see  in  Figure  8,  if 
you  are  a  thin  non-smoker,  you  wall  have 
the  lowest  death  rate  in  the  next  .30  years. 
Non-smokers  who  gain  more  than  10  per¬ 
cent  over  the  1959  Metropolitan  Life  Insur¬ 
ance  Company  Weight  Scales  die  at  four 
times  the  rate  of  people  who  are  at  ideal 
weight  for  their  inches  of  height  on  those 
scales.  People  who  are  20  percent  over¬ 
weight  die  at  almost  4.5  to  5  times  the  rate 
of  thin  non-smokers.  However,  if  von  smoke 
and  are  thin,  you  die  at  nine  times  the  rate 
of  the  non-smoking  thin  person.  If  you 
smoke  and  gain  weight,  you  increase  your 
death  rate.  Many  thin  smokers  will  say  “I 
cant  quit  smoking.  I  II  gain  weight”  Our 
data  suggest  that  even  if  they  gained  a  lot  of 
weight  (a  20  percent  increase)  hut 
abstained  from  cigarette  smoking,  they 
would  probably  cut  their  death  rate  in 
half  in  the  ne.xt  30  years! 


45*54  55-64  65-74 


Blood  Glucose  (mg  dl)  at  biennial  exam 


Additional  Risk  Factors 

Elevated  blood  sugar  level  increa.ses  the 
risk  of  all  kinds  of  cardiovascular  disease, 
includiug  heart  attack,  stroke,  congestive 
heart  failure,  and  especially  peripheral  vas¬ 
cular  disease.  This  risk  is  especially  appar¬ 
ent  at  the  blood  sugar  levels  seen  in  people 
wath  diabetes  mellitus  (Figure  9). 

Exercise  lowers  the  risk  of  coronaiw 
heart  di.sease  (Figure  10 — ue.xt  page);  the 
more  physically  activ'c  you  are,  the  lower 
the  rate  of  heart  attack.  There  are  other 
CHD  risk  factors  as  well.  Most  major 
changes  on  an  electrocardiogram,  such  as 
nonspecific  ST-  and  T-wave  changes, 
hundle-hranch  hlock.s,  atrial  fibrillation, 
and  left  ventricular  hvj^ertrophy  all  greatly 
increase  the  rate  of  heart  attack,  stroke, 
and  heart  failure.  High  uric  acid  lev’el,  high 
hematocrit  value,  poor  vital  capacity  (a 
measure  of  lung  function),  and  high  heart 
rate  all  increase  the  rate  of  cardiovascular 
disea.se.  Some  preliminary  findings  indicate 
th.at  Tvq^e  A  personality  or  stress  may 
increase  risk.  One  of  the  newer  risk  factors 
found  in  Framingham  is  blood  fibrinogen. 
The  higher  its  level,  the  higher  the  cardio¬ 
vascular  disease  risk. 

Not  eventhing  proved  to  be  a  risk  fac¬ 
tor  in  the  Framingham  Heart  Study  Coffee 
was  not  a  risk,  nor  was  sleej4 — other  than  at 
great  extremes.  .Marital  status  was  not  a 
risk  and  although  it  looketl  as  if  divorce  or 
separation  might  lower  risk,  these  data 
were  not  statistically  significant.  The  pre¬ 
cinct  of  town  and  educational  status  also 
proved  not  to  be  risks. 


•Data  from  Framingham  study  16-year  follow-up  men  and  women  45-74  yrs  of  age 
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Figure  11. 

Risk  of  cardiovascular  disease 
and  sijstolic  blood  pressure  at 
specified  levels  of  other  risk 
factors 


200 


“  Myocardial 
infarction 

■  Sudden  death 


Physical  activity  status  at 
fourth  examination 


Figure  10. 

Ten-year  risk  of  developing^ 
coronary  heart  disease  in  men 
aged  30  to  62,  and  physical 
activity 


As  Figure  11  shows,  with  few  excep¬ 
tions,  the  combination  of  risk  factors  for  one 
person  predicts  risk  better  than  does  any 
single  risk  factor.  In  some  respects,  it  is 
rather  easy  to  identify  most  of  the  people  in 
a  town  who  are  headed  for  a  heart  attack  or 
stroke;  they  often  display  a  constellation  of 
risk  factors. 

During  these  40  years  of  the  Framing¬ 
ham  Heart  Study,  the  rest  of  the  world  was 
not  idle.  Many  studies  like  Framingham 
were  conducted  in  Albany,  Chicago,  Minne¬ 
apolis,  Tecumseh,  San  Francisco,  and  Evans 
County,  Georgia.  We  began  to  see  interven¬ 
tion  studies  done  to  lower  blood  cholesterol 
level  to  reduce  blood  pressure,  to  halt  ciga¬ 
rette  smoking,  and  to  increase  physical 
activity.  What  did  these  studies  show? 
Although  some  of  the  cholesterol-lowering 
studies  produced  findings  discrepant  with 
those  from  Framingham  concerning  choles- 
terofs  effect  on  myocardial  infarction, 
recent  results  from  the  Lipid  Research 
Clinics  Coronarv  Primarv  Prevention  Trial 
are  in  agreement  with  Framingham  s.  Inter¬ 
vention  trials  in  blood  pressure  showed 
that  many  of  the  effects  of  high  blood  pres¬ 
sure  on  cardiovascular  disease  can  be 
reversed  by  lowering  blood  pressure.  Stop¬ 
ping  cigarette  smoking  can  obliterate 
smoking’s  effect  of  increasing  CHD  risk. 
Exercise  can  even  be  shown  to  be  effective 
in  some  settings. 

During  the  past  22  years,  Americans 
have  seen  the  death  rates  for  heart  attack 
and  heart  disease  fall.  Better  health  habits, 
such  as  lowering  animal  fat  and  cholesterol 
uitake,  not  smoking,  and  eating  more  fish 
and  chicken  have  undoubtedly  contributed 
to  this.  The  Institute’s  High  Blood  Pressure 
Education  Program,  started  in  1972,  helped 
produce  a  dramatic  fall  in  the  stroke  rate 
which  was  evident  by  1975. 
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105-4195  105-X195 
335  335 
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The  Offspring  Study 

In  1970,  the  National  Heart,  Lung  and 
Blood  Institute  decided  that  it  was  time  to 
study  a  second  generation  in  Framingham 
for  the  ef  fects  of  genes  and  heredity  as 
they  interact  with  society’s  environmental 
forces.  A  second  generation  also  would 
reflect  changes  in  our  society  as  they  might 
influence  vascidar  disease  and  health.  And 
so,  incorporated  into  our  study  were  the 
children,  with  their  spouses,  of  the  original 
members  of  the  Framingham  Heart  Study. 
This  study,  known  as  the  Offspring  Study 
involves  about  5135  participants,  who 
are  just  completing  their  12th  year  of 
follow-up.  Some  good  and  some  bad  things 
appear  to  be  happening  in  this  second 
generation  who,  of  course,  are  no  longer 
children  but  are  now  aged  30  to  70,  Blood 
cholesterol  levels  are  slightly  lower,  blood 
pressures  are  lower,  and  men  weigh  more 
and  women  less  than  their  fathers  and 
mothers.  Men  smoke  half  as  much  as  their 
fathers  and  women  smoke  more  than  their 
mothers  and  for  the  first  time  in  the  his- 
torv  of  the  Framingham  Study,  more 
women  are  smoking  than  men.  Children 
of  parents  with  hypertension  have  higher 
blood  pressures  and  male  children  of 
fathers  with  earlv  heart  attack  have  lower 
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The  Framingham  Contest  win¬ 
ners  were  honored  at  the  May 
1987  meeting  of  the  National 
Heart.  Lung,  and  Blood  Advis¬ 
ory  Council  From  left  to 
right:  Carol  Morse,  Middle 
School  Poster  Winner:  Dr 
Castelli;  Dr  Lenfant;  Sarah 
Joiner,  Elementary  School 
Poster  Winner,  and  Suresh 
Mulukutla.  High  School  Essay 
Winner 

Dr.  Lenfant.  Mr  John  F.  King, 
Chief  Selectman  of  the  town  of 
Framingham,  and  Dr  Robert 
E.  Windom.  Assistant  Secre¬ 
tary  for  Health,  Department  of 
Health  and  Human  Services, 
at  presentation  of  the  tribute  to 
Framingham.  December  17,  1986. 


HDL  cholesterols.  We  have  introduced 
many  new  technologies  in  the  Oftspring 
Study  ranging  from  treadmills  to  Holter 
monitors  which  measure  blood  pressure. 
Echocardiographs  were  used  to  measure 
heart  characteristics  as  well  as  to  look 
inside  the  carotid  vessels  at  the  lesions 
themselves.  It  is  hoped  that  the  Framing¬ 
ham  Heart  Study  can  continue  to  monitor, 
in  a  free-living  population,  what  is  happen¬ 
ing  to  the  rates  and  factors  associated  with 
coronary  heart  disease.  Recently,  we  have 
begun  a  small  pilot  study  in  the  fourth  gen¬ 
eration  to  see  how  diet  and  exercise  affect 
risk  factors  in  very  young  children  aged 
4  to  8. 

A  Tribute  to  Framingham 

But  what  of  the  people  themselves  in  Fram¬ 
ingham?  They  have  faithfully  endured  all 
the  examinations  and  intrusions  into  their 
lives  that  have  been  asked  of  them  in  the 
last  40  years.  It  was  particularly  gratifying 
in  that  context  for  those  of  us  who  have 
worked  in  Framingham  that  the  NHLBI 
through  the  personal  effort  of  its  Director, 
Dr.  Claude  Lenfant  decided,  as  part  of  the 
centennial  celebration  of  the  National  Insti¬ 
tutes  of  Health  and  the  40th  anniversary 
celebration  of  the  NHLBI,  to  pay  tribute  to 


the  people  of  Framingham  for  their  efforts 
to  teach  the  world  about  heart  attack  risk. 

In  December  1986,  leading  cardiologists 
and  cardiac  surgeons,  members  of  Congress 
and  leaders  of  the  Department  of  Health 
and  Human  Services,  Public  Health  Ser¬ 
vice,  NIH,  and  NHLBI  came  to  the  tov\ai  of 
Framingham  to  tell  the  people  how  much 
their  effort  had  helped  them  in  their  quest 
to  coiujuer  cardiovascular  disea,se.  Dr.  Win¬ 
dom  presented  to  Mr.  King,  Chief  Select¬ 
man  of  the  town,  a  tribute  inscribed  on 
parchment  that  thanked  the  citizens  of 
Framingham  for  their  dedication.  An  essay 
and  a  poster  contest  were  held  in  all  the 
schools  and  the  winners  were  invited  to  the 
National  Institutes  of  Health  for  a  tour. 
They  were  also  introduced  by  Dr.  Lenfant 
to  the  members  of  the  National  Heart, 

Lung,  and  Blood  Advisory  Council  at  its 
May  1987  meeting  and  were  presented 
awards  for  a  job  well  done. 

Most  of  us  feel  that  great  progress 
toward  the  prevention  of  cardiovascular 
disease  has  been  made,  particularly  in  the 
past  20  years.  Unfortunately,  there  is  a  long 
way  to  go.  One-half  of  the  men  and  women 
who  die  in  this  country  die  from  heart 
attack  or  stroke.  The  foundations  for  pre¬ 
venting  these  diseases  have  been  laid.  We 
need  to  intensify  our  campaigns  to  lower 
blood  cholesterol  levels,  to  lower  l)lood 
pressure,  to  eradicate  cigarette  smoking,  to 
lose  weight,  exercise  more,  and  perhaps 
even  to  relax  more.  Much  more  will 
undoubtedly  be  learned  to  enhance  our 
knowledge  of  how  to  do  better,  and  even 
newer  risk  factors  will  appear;  but,  we  have 
a  start  and  the  40  years  of  the  Framing¬ 
ham  Heart  Study  have  contributed  to  it 
The  story  of  Framingham  can  help  many 
people  if  the  lessons  are  taken  to  heart 

William  Castelli,  M.D. 

William  B.  Kannell,  M.D,  M.P.H. 


Respiratory  Distress  Syndrome: 
A  Mystery  Unraveled 
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An  electron  micrograph  shows 
the  whorls  of  surfactant 
secreted  into  the  airspaces  of 
fetal  lung.  The  surfactant  is 
deficient  in  newborns  with 
respiratory  distress  sijndroine. 


How  does  it  happen  that  the 
foetus  continues  in  its  mother’s 
womb  after  the  seventh  month?, 
seeing  that  when  expelled  after 
this  epoch,  not  only  does  it 
breathe,  but  without  respiration 
cannot  survive  one  little  hour; 
whilst ...  if  it  remains  in  utero  it 
lives  in  health  and  vigour  more 
than  two  months  longer  without 
the  aid  of  respiration  at  all.” 

William  Harvey,  1651 
De  Generatione  Animalium 


People  speak  of  the  “miracle”  of  birth 
with  considerable  justification.  The  trans¬ 
formation  of  a  fetus,  in  a  matter  of  seconds, 
into  a  living,  breathing  human  being  seems 
no  less  than  miraculous  when  one  considers 
the  events  that  must  take  place.  Respiration 
is  the  sine  qua  non  of  a  successful  entrv  into 
the  world.  Indeed  an  infant  is  considered 
to  be  live-born  at  the  moment  when  it 
draws  its  first  breath. 

The  passage  from  fetal  life  to  inde¬ 
pendent  life  by  breathing  air  has  fascinated 
scientists  for  centuries.  One  long-apparent 
fact  is  that  timeliness  is  evervthing.  In 
Harveys  day,  an  infant  delivered  before  its 
time  was  doomed.  Nothing  was  known 
about  fetal  lung  development.  During  the 
ensuing  300  years,  little  was  learned;  the 


outlook  for  premature  babies  born  in  the 
1950s  was  still  dismal.  Three  decades  later, 
however,  premature  newborns  are  surviv¬ 
ing  in  record  numbers.  Respiratory  distress 
svndrome  (RDS),  the  bane  of  their  exis¬ 
tence,  has  relinquished  its  mysterv  and 
become  one  of  the  most  completely 
characterized  of  all  disorders. 

Basic  Concepts  in  Understanding 
Respiratory  Distress  Syndrome 

RDS  develops  almost  exclusivelv  in  prema¬ 
ture  infants  usually  within  an  hour  or  so 
after  birth.  The  dominant  feature  of  the 
disorder  is  atelectasis,  collapse  of  the  tiny 
air  sacs  (alveoli)  in  the  lungs,  which  rapidlv 
leads  to  respiratorv  failure.  Typically  the 
infant  shows  many  signs  of  a  struggle  for 
oxygen:  breathing  is  rapid  the  skin  turns 
blue,  the  chest  wall  retracts  noticeablv  with 
the  ef  fort  of  inspiration,  and  the  infant 
grunts  on  expiration  in  an  attempt  to  keep 
the  alveoli  from  collapsing.  Recoverv,  when 
it  happens,  usual Iv  occurs  within  a  week. 
Until  recent  vears,  however,  half  of 
afflicted  infants  died. 

Atelectasis  is  caused  bv  the  iuabilitv  of 
the  immature  newborn  to  produce  pulmo- 
uarv  surfactant  a  unique  substance  that 
lines  the  alveoli  and  prevents  lung  collapse. 
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A  nurse  feeds  breast  milk 
through  a  tube  to  a  baby  girl 
born  two  nwnths  prematurely 
About  40.000  infants  per  year 
in  the  United  States  are  af¬ 
flicted  with  neonatal  respira¬ 
tory  distress  syndrome. 


However,  that  knowledge  did  not  come 
until  1959  and  resulted  from  the  conflu¬ 
ence  of  seemingly  unrelated  discoveries 
from  diverse  scientific  specialties.  Mean¬ 
while,  physicians  with  a  specific  interest  in 
the  disorder  pursued  another,  retrospec¬ 
tively  fruitless,  line  of  inquiry.  As  early  as 
1903,  pathologists  had  taken  an  interest  in 
examining  the  autopsied  lungs  of  infants 
who  had  severe  respiratory  distress  at  birth 
and  died  shortly  thereafter.  They  found  the 
characteristic,  translucent,  homogeneous 
something  dubbed  hyaline  (i.e.,  glassy) 
membranes,  which  gave  the  disorder  its 
other  commonly  used  name,  hyaline  mem¬ 
brane  disease.  For  many  years,  researchers 
studied  those  hyaline  membranes  in  the 
mistaken  belief  that  they  were  the  cause 
(rather  than  the  result)  of  newborn 
atelectasis. 

Onr  present  understanding  of  the 
forces  that  conspire  to  produce  atelectasis 
or  its  converse,  alveolar  stability  is 
grounded  in  the  law  that  Laplace  formu¬ 
lated  in  1806  regarding  surface  tension.  As 
applied  to  the  lung,  the  law  states  that  the 
pressure  required  to  keep  an  alveolus 
expanded  is  directly  proportional  to  the 


Neonatal  RDS:  The  Faets  and  Figures 

Neonatal  RDS  strikes  about  1  in  a  100 
babies,  about  40,000  per  year  in  the  United 
States  It  is  responsible  for  approximately 
20  percent  of  all  newborn  deaths  and  is 
the  leading  cause  of  death  in  the  first  28 
postnatal  days  Despite  major  advances  in 
detection  and  care,  RDS  is  the  third  lead¬ 
ing  cause  of  infan  t  death  in  the  United 
States,  according  to  the  National  Center 
for  Health  Statistics  About  10  percent  of 
RDS  victims  will  die,  most  within  the 
first  4  days  of  life.  The  incidence  varies 
inversely  with  gestational  age:  it  increases 
with  the  extent  of  immaturity  of  the  infant 
and  is  almost  never  present  in  infants 
horn  at  38  weeks  of  gestation.  The  encour¬ 
aging  news  is  that  the  mortality  from 
RDS  has  decreased  dramatically  during 
the  past  15  years,  from  approximately 
10,000  infants  in  1970  to  4,000  in  1984. 


surface  tension  in  the  alveolar  wall  and 
inversely  proportional  to  the  diameter  of 
the  alveolus.  In  other  words,  it  would  take 
much  more  pressure  to  keep  a  small  alveo¬ 
lus  inflated  than  a  large  alveolus  if  both 
had  the  same  surface  tension.  All  of  the 
alveoli  in  a  given  region  of  the  lung  are  sub¬ 
ject  to  about  the  same  pressure.  If  they  also 
have  the  same  surface  tension,  the  smaller 
ones  will  tend  to  collapse  and  push  their 
air  into  the  larger  ones,  which  is  exactly 
what  happens  in  RDS.  Infants  who  develop 
RDS  lack  surfactant  the  alveolar  lining 
fluid  that  reduces  surface  tension,  and  are 
thus  at  the  mercy  of  Laplace’s  equation.  On 
the  other  hand,  infants  with  sufficient  sur¬ 
factant  are  not  subject  to  this  unstable  con¬ 
dition.  As  an  alveolus  becomes  smaller,  the 
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The  rate  of  death  from  neonatal 
RDS  has  declined  hi/  almost 
tico  thirds  between  1970  and 
1984.  the  most  recent  i/ear for 
which  data  are  available.  The 
most  dramatic  decline  occurred 
in  the  mid-1970.s.  a  time  when 
continuous  positive  airway 
pressure  ventilation  and  im¬ 
proved  treatment  strategies  for 
premature  infants  came  into 
widespread  use. 


surfactant  becomes  more  concentrated  and 
surface  tension  is  reduced.  Conversely,  as  an 
alveolus  becomes  larger,  the  surfactant  is 
spread  more  thiidy  on  the  fluid  surface  and 
surface  tension  increases.  This  special  char¬ 
acteristic  of  surfactant  prevents  lung  col¬ 
lapse  by  ensuring  that  all  of  the  alveoli  in  a 
given  region  of  the  lung  remain  approxi¬ 
mately  the  same  size.  It  also  helps  keep 


Infant  Mortality  from  Neonatal  RDS 

(Hyaline  Membrane  Disease)  per  100,000  live  births 

in  the  United  States,  1970-1984 

300 


1970  71  72  73  74  75  76  77  78  79  80  81  82  83  84 


alveoli  open  during  exhalation  by  main¬ 
taining  a  low  surface  tension  at  small 
volumes. 

Until  this  century  the  lung’s  remark¬ 
able  ability  to  expand  and  retract  had  been 
attributed  entirely  to  the  elasticity  of  the 
tissue.  Lung  retraction  was  associated  vUth 
surface  tension  in  1927,  when  it  was  dem¬ 
onstrated  that  surface  tension  accounted 
for  the  major  portion  of  lung  retraction. 
Unfortunately,  the  significance  of  surface 
tension  as  a  factor  to  be  counteracted  by  a 
newborn’s  first  breath  was  not  appreciated 
at  that  time. 


Twenty  years  later,  measurements  of 
the  minimum  pressure  needed  to  inflate 
the  autopsied  lungs  of  stillborn  infants 
revealed  that  it  took  twice  as  much  pres¬ 
sure  to  expand  the  lungs  with  air  as  it  did 
with  saline  because  of  the  presence  of  sur¬ 
face  tension  at  the  tissue-air  interface. 
When  amyl  acetate  (which  reduces  surface 
tension)  was  introduced  into  the  lung,  the 
pressure  needed  to  inflate  the  lung  with  air 
was  reduced.  It  was  suggested  that  adding 
surface  tension-reducing  agents  to  the 
inspired  air  of  newborns  suffering  from 
atelectasis  might  relieve  their  respiratory 
distress;  this,  too,  went  unheeded.  Most 
students  of  RDS  were  still  chasing  hyaline 
membranes. 

Expansion  of  Knowledge 

Not  until  the  1950s  was  this  important 
work  on  surface  tension  and  the  lung 
applied  to  the  problems  of  RDS  for,  until 
then,  there  was  no  knowledge  of  how 
appropriate  surface  tension  is  maintained 
and  even  less  understanding  of  what  imma¬ 
ture  infants  had  or  lacked  that  made  their 
lungs  collapse.  In  I9.5T  the  observation 
was  made  that  certain  lung  cells  (granular 
pueu  monocytes)  appeared  to  secrete  a 
watery',  mucoid  film  that  lined  the  alveolar 
layer  and  possibly  functioned  to  maintain 
favorable  surface  tension.  That  same  year, 
estimates  of  the  total  surface  area  of  alveoli 
produced  results  that  w'ould  make  sense 
only  if  the  lung  lining  consisted  of  a  highly 
surface-active  material. 

More  evidence  accumulated  the 
following  year,  when  foam  extracted  from 
the  lung  w'as  shown  to  be  long  lasting  and 
stable.  It  was  concluded  that  this  unusual 
behavior  resulted  from  low  surface  tension 
and  was  derived  from  some  insoluble  layer 
lining  the  alveoli.  It  subsecpientlv  was  dis¬ 
covered  that  this  lining  layer  appears  only 
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late  in  the  fetal  life  of  the  guinea  pig — the 
first  hint  of  this  work’s  relevance  to  the 
problems  of  premature  infants.  In  1956,  it 
was  discovered  that  when  lung  extracts 
were  compressed,  their  surface  tension  fell 
whereas  when  expanded,  surface  tension 
rose.  Here  was  evidence  for  the  unique 
property  of  alveolar  tissue,  the  antiatelecta¬ 
sis  factor  described  above  that  keeps  alveoli 


Normal  lungs  of  full-term  and 
preimture  infants  who  did  not 
have  respiratory  distress  syn¬ 
drome  (RDS)  are  characterized 
by  open  alveolar  spaces  and 
thin  alveolar  walls  (right).  In 
contrast,  lungs  of  infants  with 
neonatal  RDS  show  greatly 
thickened  alveolar  walls  and 
collapse  of  some  alveoli  (left). 


open  during  expiration.  Building  on  this 
work  in  1959,  a  team  of  researchers  pub¬ 
lished  a  paper  that  established  the  case  for 
surfactant.  They  compared  the  surface  ten¬ 
sion  of  the  lungs  of  babies  who  died  of  RDS 
with  that  of  the  lungs  of  newborns  and 
older  persons  who  died  of  other  causes. 
When  the  lung  tissue  was  compressed,  sur¬ 
face  tension  was  low  in  the  comparison 
groups  but  remained  high  in  the  RDS 
babies.  The  problem  became  clear;  new¬ 
borns  with  RDS  suffered  alveolar  collapse 
because  they  lacked  the  surfactant  neces¬ 
sary  to  keep  their  lungs  open. 


Following  that  key  discovery,  new 
knowledge  accumulated  rapidly  as  the  field 
attracted  researchers  from  a  variety  of  dis¬ 
ciplines.  Many  exciting  challenges  became 
apparent:  to  characterize  surfactant,  iden¬ 
tify  its  source,  find  a  method  to  hasten  its 
arrival  or  replace  it  in  immature  infants, 
and  discover  ways  to  keep  babies  alive  until 
they  developed  their  own  surfactant.  Fortu¬ 
nately,  these  questions  came  when  new  dis¬ 
ciplines  and  techniques  were  becoming 
available  to  answer  them,  including  mod¬ 
ern  lipid  and  protein  chemistry,  high- 
resolution  electron  microscopy,  cell  biology, 
amniocentesis,  and  sophisticated  bioengi¬ 
neering,  which  made  neonatal  intensive 
care  a  reality. 

Surfactant  Biology 

In  1954,  a  particular  cell  type  found  in  the 
lining  ol  the  lung  alveoli,  the  type  II  alveo¬ 
lar  epithelial  celf  was  first  recognized  to  be 
the  possible  source  of  surfactant.  Research¬ 
ers  used  the  electron  microscope  to  exam¬ 
ine  this  cell  which  we  now  know  is  unique 
to  the  lung.  They  found  unusual  structures 
within  the  cells  that  had  a  lamellar  form 
(i.e.,  they  appeared  to  be  composed  of  many 
concentric  layers,  much  like  an  onion). 
Other  investigators  observed  that  these 
lamellar  bodies  were  absent  from  the  lungs 
of  very  premature  animals  and  did  not 
appear  until  the  time  in  gestation  when 
the  surfactant  was  present. 

The  NHLBI  took  an  active  role  in 
supporting  the  anatomical  physiological 
and  biochemical  studies  conducted  in  the 
late  1960s  and  throughout  the  1970s  that 
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Tt/pc  II  cell  of  rat  lun^  (left). 
The  nucleus,  mitochondria, 
and  the  lamellar  bodies 
of  the  cell  are  shown.  As 
the  cell  responds  to  signals 
that  more  surfactant  is  re- 
Cjuired  on  the  alveolar  surface, 
the  contents  of  the  lamellar 
bodies  are  released  into  the 
airspace  ( right). 


sought  to  discover  the  chemical  nature  and 
regulation  of  surfactant.  By  1972,  puhno- 
narv  surfactant  had  been  isolated  and  the 
lipid  portion  of  surfactant  had  been 
described  almost  completely.  It  was  clear 
that  a  substance  called  dipalmitoyl  lecithin 
was  the  active  ingredient  responsible  for 
its  highly  surface-active  properties,  fn  the 
following  vear,  investigators  identified  a 
surfactant-associated  protein  that  was 
unique  to  the  lung. 

It  became  clear  that,  because  the  lung 
contains  so  many  different  types  of  cells, 
efforts  to  determine  the  exact  nature  of  the 
cellular  control  of  surfactant  were  being 
impeded.  The  Institute  launched  a  new  pro¬ 
gram  in  1973  to  encourage  the  isolation 
and  characterization  of  lung  cells.  By  then, 
there  was  much  evidence  from  sophisti¬ 
cated  biochemical  and  anatomical  experi¬ 
ments  that  the  tvj^e  If  cell  manufactures 
and  stores  surfactant.  Studies  were  under¬ 
taken  to  isolate  tvpe  II  cells  and  grow  them 
in  the  laboratory  For  the  first  time,  direct 
evidence  that  these  cells  were  the  source  of 
the  surfactant  could  be  obtained.  The  reali¬ 
zation  that  surfactant  is  made  by  cells  only 
found  in  the  lung  sparked  a  virtual  e.xplo- 
sion  of  research  activitv  and  marked  the 
beginning  of  an  exciting  new  field  of  lung 


research.  The  lung  was  viewed  not  only  as  a 
respiratorv  organ  but  also  as  an  organ  that 
had  active  metabolic  functions  vital  for  life. 
A  major  new  effort  to  elucidate  the  meta¬ 
bolic,  or  noil  respiratorv,  lung  functions 
had  begun. 

Many  scientists  provided  important 
new  insights  and  clues  to  the  metabolic 
pathways  of  surfactant  synthesis  and  regu¬ 
lation  of  its  secretion.  The  studies  with  iso¬ 
lated  cells,  in  conjunction  with  biochemical 
analyses  of  surfactant,  and  investigations 
into  the  physiologic  role  of  surfactant  in 
the  living  organism  laid  the  groundwork 
for  the  dramatic  improvements  that  have 
occurred  in  the  detection,  prevention,  and 
treatment  of  infants  with  BDS. 

The  excitement  and  sense  of  accom¬ 
plishment  resulting  from  the  work  of  the 
last  twentv  years  continue  to  this  day.  New 
opportunities  made  possible  by  the  recent 
advances  in  molecular  biology  and  genetics 
have  resulted  in  major  contributions  to  our 
understanding  of  surfactant  biology.  This 
work  has  great  promise  for  new  advances 
in  the  care  of  infants  with  RDS.  Findings 
from  the  basic  sciences  have  contributed  in 
a  number  of  important  wavs  to  the  favor¬ 
able  outlook  for  infants  at  risk  of  RDS. 

Prenatal  Testing 

The  first  important  step  in  the  develop¬ 
ment  of  a  prenatal  test  to  detect  infants 
at  risk  for  RDS  was  the  abilitv  to  identify 
infants  before  birth  who  lacked  sufficient 
surfactant  to  breathe  on  their  own.  Amnio¬ 
centesis  was  developed  in  the  1930s.  How¬ 
ever,  at  that  time  and  for  many  years  after. 
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it  was  thought  that  amniotic  fluid  flowed 
into  the  lungs,  rather  than  out  of  the  lungs; 
therefore,  the  procedure  was  not  considered 
useful  in  assessing  fetal  lung  development. 
The  first  separation  of  lung  fluids  from 
amniotic  fluid  was  achieved  in  1963.  In 
doing  so,  the  researchers  provided  proof 
that  lung  fluids  flow  outward  and  contain 
pulmonary  surfactant. 

The  first  clinical  prenatal  test  to  diag¬ 
nose  immature  lungs  was  devised  in  1971 
and  involved  measuring  the  ratio  of  leci¬ 
thin  (a  major  component  of  surfactant)  to 
sphingomyelin  (a  nonsurfactant  lipid  found 
in  the  lung)  in  the  amniotic  fluid.  A  high 
lecithin/sphingomyelin  (L/S)  ratio  indi¬ 
cated  sufficient  surfactant,  whereas  a  low 
ratio  meant  the  baby  would  have  RDS. 
Knowing  this  before  delivery  permitted 
physicians  to  postpone  the  delivery  if  possi¬ 
ble,  or  to  transfer  the  mother  to  a  hospital 
with  intensive  care  capabilities  before  the 
baby  was  born. 

The  shortcoming  of  the  L/S  ratio  test 
was  that  it  required  a  laboratory,  sophisti¬ 
cated  analytic  procedures,  and  about  2 
hours  to  perform.  The  following  year,  a 
faster,  simpler,  and  cheaper  test  was 
devised.  This  new  test  was  based  on  the 
observation,  made  two  decades  earlier,  that 
surfactant  produces  a  very  stable  foam.  The 
“shake  test”  that  resulted  could  be  done  at 
the  bedside  and  involved  mi.xing  equal 
parts  of  amniotic  fluid  and  ethyl  alcohol 
shaking  the  mixture,  and  checking  for 
long-lasting  bubbles. 

Prevention  of  Respiratory  Distress 
Syndrome 

Now  that  it  was  possible  to  predict  imma¬ 
ture  lungs  prenatally  the  question  arose:  Is 
there  any  way  to  hasten  the  arrival  of  sur¬ 
factant  before  the  baby  is  delivered?  It  was 


discovered  in  1969  that  lambs  delivered 
prematurely  after  infusions  of  cortico¬ 
steroids  had  mature  lungs.  The  suggestion 
that  corticosteroids  accelerate  the  appear¬ 
ance  of  surfactant  was  soon  confirmed  and 
extended  by  morphologists  and  biochemists 
studying  surfactant  production,  and  the 
efficacy  of  the  treatment  was  demonstrated 
in  lambs  and  rabbits. 

Results  of  a  clinical  trial  conducted  in 
New  Zealand  in  1972  provided  evidence 
that  corticosteroids  administered  before 
premature  delivery  could  reduce  the 
incidence  of  RDS  in  human  newborns.  A 
multicenter,  randomized,  double-blind 
collaborative  clinical  trial  was  initiated  by 
the  NHLBI  in  1976  to  determine  the  effi¬ 
cacy  of  treatment  and  to  identify  any  short¬ 
er  long-term  adverse  effects  on  the  mother 
and  infant.  The  study  population  comprised 
expectant  mothers  between  26  and  37 
weeks  of  gestation  (40  weeks  is  full-term) 
who  entered  the  hospital  at  high  risk  for 
premature  delivery  and  whose  L/S  ratio 
indicated  fetal  lung  immaturity.  Patients 
were  assigned  randomly  to  receive  either 
dexamethasone  phosphate  (a  cortico¬ 
steroid)  or  a  placebo  over  the  course  of  48 
hours  before  delivery.  The  results  of  the 
trial  confirmed  earlier  work  and  demon¬ 
strated  that  the  prenatal  administration  of 
corticosteroids  is  effective  in  reducing  the 
overall  incidence  of  RDS.  However,  they 
indicated  that  the  magnitude  of  the  treat¬ 
ment  benefit  might  depend  upon  the  sex, 
race,  and  other  characteristics  of  the  infant 
and  mother.  Follow-up  studies  revealed  that 
no  detectable  adverse  effects  of  the  steroid 
treatment  were  apparent  for  the  first  3 
years  of  life. 
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Research  on  premature  sheep 
was  the  key  to  the  discovery 
that  corticosteroids  can  acceler¬ 
ate  lung  maturation  before 
birth. 


These  findings  gave  physicians  an 
important  tool  to  use  in  the  prevention  of 
RDS.  They  also  stiinidated  further  work  on 
the  role  that  hormones  play  in  the  produc¬ 
tion  of  surfactant.  Studies  in  a  number  of 
mammalian  species,  including  humans, 
rats,  mice,  and  rabbits,  have  shown  the 
delayed  appearance  of  surfactant  in  male 
fetuses.  The  lack  of  effect  of  dexametha- 
sone  on  male  fetuses  observed  in  the  clin¬ 
ical  trial  reinforced  the  point  that  sex 
differences  exist  in  surfactant  production. 
Currently,  the  lag  in  male  fetal  surfactant 
production  is  believed  to  be  caused  by  the 
presence  of  male  hormones  (androgens) 
that  inhibit  surfactant  svnthesis.  This 
knowledge  has  provided  some  clues  that 
may  help  another  group  of  babies  at  high 
risk  of  developing  RDS:  the  offspring  of 
diabetic  mothers.  Recent  work  has  shown 
significant  elevations  in  the  levels  of  two 
male  hormones  in  the  amniotic  fluid  of  dia¬ 
betic  women.  There  is  speculation  that  in 


diabetic  pregnancies,  e.xposure  of  the  fetal 
lung  to  elevated  levels  of  androgens  may 
inhibit  surfactant  production.  Consistent 
with  this  was  the  observation  that  the 
amniotic  fluid  of  male  fetuses  of  diabetic- 
mothers  had  the  highest  concentration  of 
testosterone  and  the  lowest  L/S  ratio.  If 
androgens  prove  to  be  important  inhibitors 
of  fetal  lung  maturation,  hormonal  thera¬ 
pies  may  be  effective  in  preventing  RDS. 

Investigators  also  are  looking  at  the 
role  of  thyroid  hormone  in  the  stimulation 
of  surfactant  production.  There  is  evidence 
that  thvroid  hormones  and  corticosteroids 
may  act  svaiergisticallv  to  stiimdate  the  svn¬ 
thesis  of  surfactant  lipid.  A  recent  study 
showed  that  when  thyroid  hormone  was 
administered  in  conjunction  with  dexame- 
thasone  to  fetal  rats,  it  produced  an  effect 
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Aduinces  in  neonata!  intensive 
care  have  been  dramatic. 
Tran.sporter  incubators  are  al¬ 
most  a  nursery  on  ivheels, 
complete  with  oxygen,  heat, 
and  devices  for  monitoring 
heart  rate. 


in  both  males  and  females  that  exceeded 
the  effect  of  dexamethasone  alone.  If  stud¬ 
ies  in  humans  bear  this  out  it  is  possible 
that  a  thyroid  hormone-dexamethasone 
combination  may  prevent  RDS  in  males. 

Progress  in  Treatment:  Intensive  Care 

Although  advances  in  prevention  have 
spared  manv  newborns  the  problems  of 


RDS,  the  syndrome  still  develops  in  thou¬ 
sands  of  babies;  about  40,000  infants  per 
year  in  the  United  States  are  affected  by 
RDS.  The  great  improvements  in  sui-vival 
that  have  occurred  during  the  past  25  years 
are  attributable  to  the  backbone  of  RDS 
treatment:  neonatal  intensive  care.  Before 
1965,  there  were  no  intensive  care  facilities 
tor  newborns,  but  technological  innova¬ 
tions  occurring  about  that  time  spurred  the 
development  of  manv  at  major  medical  cen¬ 
ters.  Since  the  mid-1970s,  the  regionaliza¬ 
tion  of  perinatal  health  care  has  become 
standard.  Mothers  in  premature  labor  and 
tiny  newborns  are  transported  routinely  to 
tertiary  care  facilities  equipped  to  handle 
their  special  problems. 


The  objective  of  RDS  treatment  is  to 
support  the  newborn  in  a  manner  that  facil¬ 
itates  the  production  of  pulmonary  surfac¬ 
tant  and  consequent  recoveiy  from  RDS. 
Before  1969,  many  tvq^es  of  assisted  or 
mechanical  ventilation  used  in  adidts  were 
tried  in  newborns  with  RDS,  but  mortality 
remained  high.  Most  babies  were  treated 
with  some  form  of  intermittent  positive 
pressure  (i.e.,  pressure  only  during  inspira¬ 
tion),  and  their  lungs  almost  invariably  col¬ 
lapsed  on  expiration.  This  alveolar  collapse 
placed  a  severe  strain  on  the  newborn’s 
respiratory  muscles.  Further,  it  was  shown 
that  after  collapse,  the  alveolar  surface 
film  ruptured  on  reexpansion  and  did  not 
reform,  thus  straining  the  infant’s  already- 
limited  capacity  to  produce  adequate 
amounts  of  surfactant. 

In  1969,  investigators  supported  by  the 
NHLBI  developed  continuous  positive  air¬ 
way  pressure  (CPAP),  which  involved  main¬ 
taining  a  steady  pressure  throughout  the 
entire  respiratory  cycle.  The  results  were 
dramatic:  the  alveoli  remained  open  on 
expiration,  surfactant  production  caught  up 
with  demand  and  many  babies  survived. 

An  added  benefit  was  that  CPAP  also  was 
found  to  be  effective  using  lower  concen¬ 
trations  of  o.xygen  than  were  other  meth¬ 
ods,  thereby  reducing  the  toxic  effect  of 
oxygen  on  the  lungs. 

Concurrently,  great  advances  were 
made  in  the  technology  used  to  monitor 
blood  gases  in  newborns.  The  “miniaturiza¬ 
tion”  of  equipment  and  techni(jues  used  for 
adults  permitted  frecjuent,  safe,  and  accu¬ 
rate  monitoring  of  the  oxygen  level  in  arte¬ 
rial  blood.  The  ability  to  maintain  blood 
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At  six  weeks  of  age.  Adrienne 
weighs  only  800  grams  { 1 
pound,  12  ounces).  Knowledge 
of  the  nutritional  requirements 
of  babies  as  small  as  Adrienne 
is  still  inmmplete.  and  careful 
nwnitoring  is  essential. 


oxygen  at  an  appropriate  level  greatly 
reduced  the  occurrence  of  blindness  from 
retrolental  fibroplasia,  which  had  been  a 
common  complication  of  oxygen  therapy. 

A  third  area  of  advance  in  recent 
years  is  nutritional  support  for  premature 
infants.  The  tyjiical  baby  with  RDS  is  horn 
without  adequate  energy  stores  and  is  usu¬ 
ally  too  ill  to  nurse.  Moreover,  a  tremen¬ 
dous  amount  of  energy  must  be  e.xpended 
just  to  breathe  and  to  maintain  body  tem¬ 
perature.  Recent  nutritional  studies  have 


identified  kev  nutrients  and  improved 
methods  of  providing  them  to  prevent 
loss  of  protein  and  to  meet  the  caloric 
recjiiirements  of  the  infant  with  RDS. 

Modern  intensive  therapy  has  ensured 
that  most  babies  will  survive  RDS.  flow- 
ever,  it  has  been  estimated  that  more  than 
half  of  neonates  with  RDS  will  manifest 
some  complication  of  intensive  therapy  A 
major  respiratory  complication  is  hroncho- 
pulmonarv^  dysplasia  a  chronic  lung  disor¬ 
der  that  was  first  recognized  in  1967.  The 
condition  involves  abnormalities  in  the 
architecture  of  the  luug  that  lead  to  poor 
gas  exchange  and,  in  many  instances,  pro¬ 
gressive  respiratory  failure.  Much  research 
is  being  done  on  bronchopulmonary 
dysplasia  hut  many  (|uestions  remain  to 
he  amswered. 

High  frecjuencv  ventilation  (HFV)  is 
now  a  new  form  of  therapy  being  evaluated 
to  assess  its  usefulness  in  reducing  the 
complications  of  treatment  for  RDS.  HF\^ 
is  a  method  of  ventilation  that  uses  several 
times  the  normal  ventilation  rate.  (For  a 
newborn,  whose  spontaneous  respirator)' 
rate  is  30  breaths  per  minute,  a  rate  of 
120  breaths  per  minute  would  he  HFV) 
Because  HFV  operates  at  low  pressures,  it 
mav  reduce  the  incidence  of  air  leaks  and 
other  side  ef  fects  of  conventional  treat¬ 
ment.  A  mnlticenter,  randomized  collabora¬ 
tive  clinical  trial  sponsored  hv  the  Institute 
is  underway  to  determine  if  HF\'  is  more 
effective  than  conventional  ventilating 
machines  in  treating  premature  babies 
and  reducing  the  incidence  of  chronic 
lung  diseases. 
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Katie  weighed  only  530  grams 
(1  pound,  3  ounces)  at  birth 
and  had  neonatal  RDS.  She 
tvas  treated  with  a  surfactant 
preparation  isolated  from  hu¬ 
man  arnniotic  fluid.  She  is 
shown  here  at  fourteen  months 
of  age. 


Progress  in  Treatment:  Surfactant 
Replacement 

Ever  since  it  was  discovered  that  RDS 
results  from  a  deficiency  of  surfactant  tlie 
development  of  an  effective,  safe  replace¬ 
ment  therapy  has  been  a  dream  of  clini¬ 
cians  and  basic  researchers.  Attempts  were 
made  in  the  1960s  to  introduce  surfactant 
components  into  the  lungs  of  animals  and 


infants  with  respiratory  distress,  but  the 
results  were  inconsistent  Real  progress 
awaited  the  elucidation  of  the  physical  and 
chemical  characteristics  of  surfactant  and 
the  discovery  of  an  effective  means  of  deliv¬ 
ering  surfactant  to  the  lungs.  Natural  sur¬ 
factant  was  isolated  from  animal  lungs  and 
had  beneficial  effects  when  instilled  into 
the  tracheas  of  premature  animals  with  res¬ 
piratory  distress.  The  first  successful  report 
of  replacement  therapy  in  human  infants 
came  from  Japan  in  1980.  Ten  infants  with 
severe  RDS  were  given  a  surfactant  prepa¬ 
ration  isolated  from  cow  lung,  and  the 
residts  were  very  encouraging. 

Since  that  time,  several  different  prep¬ 
arations  have  been  developed.  Surfactant 
from  natural  or  animal  sources  is  available 
from  cows  and  pigs,  and  a  human  surfac¬ 
tant  can  now  be  obtained  from  arnniotic 
fluid.  Other  preparations  are  natural  sur¬ 
factants  supplemented  with  additional 
chemical  compounds  and  synthetic  surfac¬ 
tants  that  are  made  in  the  laboratory.  These 
various  surfactants  are  being  tested  in  clin¬ 
ical  trials  throughout  the  United  States, 
Canadti,  and  Europe.  The  NHLBl  supports 
many  of  these  investigations.  It  is  encourag¬ 
ing  that  several  studies  published  to  date 
suggest  that  treatment  of  RDS  with  surfac¬ 
tant  replacement  improves  survival  and 
reduces  the  incidence  of  bronchopulmonary 
dysplasia  The  residts  also  suggest  that  the 
therapy  is  safe  and  without  significant  tox¬ 
icity.  Enrther  carefid  study  is  needed  before 
the  effectiveness  and  long-term  safety  of 
surfactant  therapy  can  be  determined. 

Back  to  Basics  and  On  to  the  Future 

We  already  have  alluded  to  the  new  oppor¬ 
tunities  afforded  by  the  application  of 
molecular  biology  and  genetics  to  the  sur¬ 
factant  field.  In  1985,  NHLRI-supported 
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The  gene  for  the  major  human 
pulmonarij  surfactant- 
associated  protein  has  five  cod¬ 
ing  regions  called  exons  that 
are  shown  as  boxes  numitered  I 
through  V  The  structure  of  the 
messenger  RNAfor  the  surfac¬ 
tant  protein  is  also  shoum.  The 
dotted  lines  connect  the  exons 
with  corresponding  regions  on 
the  messenger  RNA  The  ge¬ 
netic  messages  are  then  trans¬ 
lated  into  the  protein.  Molecu¬ 
lar  biological  methods  are 
enabling  scientists  to  probe 
the  genetic  regulation  of 
surfactant. 


Gene-DNA  — Q - CS - H 


RNA  c 


Protein 


investigators  announced  the  isolation  and 
characterization  of  the  gene  that  encodes 
the  major  surlactant-associated  protein. 
Several  surfactant  proteins  have  been  iso¬ 
lated  and  characterized,  and  their  role  in 
facilitating  the  functions  of  surfactant  are 
being  elucidated.  Molecular  biology  meth¬ 
odology  enables  scientists  to  probe  the 
genetic  regulation  of  surfactant.  Recent 
work  has  localized  the  gene  for  the  major 
surfactant  protein  to  a  particular  human 
chromosome. 

Researchers  have  introduced  the 
human  surfactant  gene  into  cells  in  culture 
that  can  now  manufacture  the  human  sur¬ 
factant  proteins.  A  new  avenue  of  research 
is  the  development  of  a  bioengineered  sur¬ 
factant  replacement  therapv  that  woidd 
eliminate  the  concern  of  possible  allergic- 
reactions  resulting  from  introducing  a  for¬ 
eign  surfactant  protein  into  sick,  immature 
infants.  Whether  such  a  preparation  can  be 


devised  that  will  be  as  effective  as  the  natu¬ 
ral  surfactants  remains  to  be  seen.  Other 
questions  for  future  study  include  determi¬ 
nation  of  whether  abnormalities  of  the  sur¬ 
factant  gene  are  important  in  neonatal 
RDS.  If  so,  a  more  accurate  and  specific- 
prenatal  screening  test  could  be  devised  to 
detect  and  better  treat  infants  at  risk  for 
RDS.  Scientists  also  speculate  whether  sur¬ 
factant  therapv  might  prove  beneficial  in 
certain  lung  diseases  of  adults  that  are 
characterized  by  surfactant  deficiency. 

The  remarkable  advances  in  surfactant 
research  that  have  occurred  in  the  past  few 
decades  have  saved  the  lives  of  manv  babies 
and  resulted  in  a  new  understanding  of  a 
complex  and  unicjue  biological  svstem.  The 
unfolding  of  basic  and  clinical  aspects  of 
the  surfactant  story  has  truly  captured  the 
imagination  of  pulmonarv  investigators. 
Their  discoveries  continue  to  challenge 
researchers  to  learn  more,  not  onlv  about 
surfactant  but  also  about  the  lung  as  a 
whole,  both  during  normal  development 
and  prematurity. 

Dorothi/  Berlin  Gail  Ph.D. 

Barbara  Marzetta  Liu,  S.M. 

Suzanne  S.  Hurd,  PhD. 
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Chronic  Obstructive 
Pulmonary  Disease 


( Left)  Normal  bronchial  tree. 
The  inside  lining  ( insert)  is 
composed  of  cells  that  secrete 
mucus  and  cells  with  hair-like 
projections  (cilia)  that  sweep 
mucus  out  of  the  lung,  thus 
providing  a  continual  cleans¬ 
ing  action  that  clears  inhaled 
particulates  and  bacteria  from 
the  lung. 


(Right)  The  bronchial  tree  in 
chronic  bronchitis  The  airway 
wall  is  thickened  A  close-up 
view  (insert)  shows  the  mucus 
gland  filled  with  thickened  mu¬ 
cus  which  is  being  secreted 
into  the  airway  lumen.  There 
is  a  loss  of  the  normal  ciliated 
airway  cells  and  an  increase  in 
the  number  of  mucus-produc¬ 
ing  cells  Such  a  deranged  air¬ 
way  cannot  provide  the  normal 
path  for  airflow  in  and  out  of 
the  lung  and  has  difficulty  de¬ 
fending  the  lungfrom  inhaled 
infections 


Twelve  to  15  times  every  min¬ 
ute,  a  typical  adult  inhales  1  to  2 
pints  of  air.  This  life-sustaining 
process  occurs  involuntarily,  as 
well  it  must.  If  respiration  is  pre¬ 
vented,  death  is  inevitable  within 
minutes.  Because  it  is  involun¬ 
tary,  we  are  generally  not  con¬ 
scious  of  the  process  of  respira¬ 
tion.  This  is  not  the  case  with 
individuals  who  have  chronic 
obstructive  pulmonary  disease,  a 
disorder  that  affects  more  than  10 
million  individuals  in  the  United 
States.  People  who  have  chronic 
obstructive  pulmonary  disease 
(COPD)  are  very  aware  of  the  pro¬ 
cess  of  breathing  because  they 
must  work  harder  to  breathe. 


The  function  of  the  lung  is  to  transfer 
oxygen,  a  critical  fuel  for  all  life-sustaining 
processes,  from  air  to  blood  and,  in  ex¬ 
change,  to  transfer  carbon  dioxide,  the 
waste  gas  of  cellular  metabolism,  from 
blood  to  air.  The  anatomy  of  the  lung  is 
that  of  an  ideal  gas  exchanger.  The  airways 
(bronchial  tree)  provide  the  branched  con¬ 
ducting  tubes  that  direct  air  to  and  from 
the  air  sacs  (alveoli),  the  actual  site  where 
air  and  blood  are  brought  into  close  apposi¬ 
tion  to  provide  efficient  gas  exchange.  In 
COPD,  the  flow  of  air  in  the  airways  is 


impaired.  Consequently  the  affected  indi¬ 
vidual  has  to  expend  more  effort  to 
exchange  gases. 

Impact  of  COPD 

A  slowly  developing,  irreversible,  and  gen¬ 
erally  progressive  disorder,  COPD  actually 
includes  several  different  but  often  coexist¬ 
ing,  processes,  including  chronic  bronchitis, 
asthmatic  bronchitis,  and  emphysema 
Chronic  bronchitis  is  a  disease  of  the  air¬ 
ways,  the  branching  tubes  that  bring  air 
from  the  pharynx  to  the  air  sacs,  or  alveoli. 
In  chronic  bronchitis,  there  is  irreversible 
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narrowing  of  the  aii'ways,  accompanied  by 
excess  production  of  mucus,  causing  the 
affected  individual  to  cough  up  sputum 
on  a  chronic  basis.  Asthmatic  bronchitis  is 
similar  to  chronic  bronchitis  but  intermit¬ 
tently  there  is  a  superimposed  reversible 
worsening  of  the  airway  obstruction.  In 
contrast  to  both  chronic  bronchitis  and 
asthmatic  bronchitis,  emphysema  affects 


The  normal  lower  respiratori/ 
tract.  The  small  airwaijs 
branch  into  the  alveoli,  heehive- 
like  structures  that  are  the  site 
of  gas  exchange. 


the  airways  only  indirectly.  The  major 
problem  in  emphysema  is  irreversible 
destruction  of  the  walls  of  the  alveoli.  Con¬ 
sequently,  there  is  less  mechanical  force 
available  to  move  air  in  and  out  of  the 
lungs  and  to  keep  the  airways  open — the 
result  is  airway  collapse  and  obstruction  to 
airflow.  When  there  is  a  mixture  of  chronic 
bronchitis,  asthmatic  bronchitis,  and 
emphysema — as  occurs  in  many  affected 


individuals — the  disease  process  is  called 
COPD.  If  the  different  processes  occur 
separately,  they  generally  are  referred  to 
by  the  specific  entity. 

Morbidity  from  COPD  results  from  the 
progressive  loss  of  lung  function.  Affected 
individuals  are  short  of  breath,  at  first  with 
exercise,  and  later  at  rest  as  well.  There  is 
an  increased  incidence  of  lung  infections, 
including  pneumonia,  particularly  for  those 
in  whom  bronchitis  and  asthmatic  bronchi¬ 
tis  dominate  the  illness.  Consequent  to 
these  problems,  individuals  with  COPD 
have  limitations  of  their  activity  levels.  The 
illness  causes  more  days  away  from  work, 
more  days  at  home  in  beef  increased  visits 
to  physicians,  and  increased  numbers  of 
hospitalizations.  Death  from  COPD  usually 
occurs  following  long  periods  of  disability. 

The  impact  of  COPD  on  society  is 
enormous.  It  is  the  fifth  leading  cause  of 
death  in  the  United  States.  In  1985,  approx¬ 
imately  70,000  Americans  died  from 
COPD,  and  it  was  a  contributing  cause  of 
death  in  another  80,000.  In  the  United 
States  alone,  the  economic  costs  are  stag¬ 
gering.  In  1982,  $3.2  billion  were  spent 
directly  on  health  expenditures  for  COPD, 
and  the  illness  indirectly  cost  society  $2.4 
billion  because  of  limitations  placed  on 
affected  individuals  by  the  disease. 

Despite  these  statistics,  discoveries 
over  the  past  40  years  have  markedly 
changed  the  manner  in  which  COPD  is  con- 
ceptnalizecf  evaluated,  and  treated.  Most 
strikingly,  epidemiologic  studies  have 
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The  normal  alveolar  wall.  The 
uxilh  of  the  air  sacs  are  thin, 
fragile  structures  that  bring  air 
and  blood  into  close  approxi¬ 
mation,  thus  providing  effi¬ 
cient  gas  exchange.  Shown  are 
capillaries  with  red  blood  cells 
passing  through  the  alveolar 
wall. 


Scanning  electronmicroscope 
picture  of  the  lower  respiratory 
tract  in  emphysema.  Normal 
beehive-like  structures  at  the 
alveoli  are  lost  secondary  to  de¬ 
struction  of  the  alveolar  walls 
The  residts  are  large  spaces 
that  do  not  function  in  normal 
gas  exchange. 


defined  the  major  cause  of  COPD;  new 
physiologic  tests  now  permit  early  detection 
of  the  disease  process;  the  development  of 
bronchodilators,  drugs  that  help  keep  air¬ 
ways  open,  and  antibiotics,  drugs  that  sup¬ 
press  infection,  have  improved  the  qualitv 
of  life  for  affected  individuals;  chronic  oxv- 
gen  therapy  has  extended  the  life  span  of 
patients  with  advanced  COPD,  and  the  dis¬ 
covery  of  alpha-l-antitrypsin  deficiency,  an 
hereditarv  disorder,  has  led  to  an  under¬ 
standing  of  the  biologic  processes  that  lead 
to  emphysema  and  how  these  may  be 
reversed  by  therapy 

The  Epidemiology  of  COPD — ^The 
Cigarette  as  the  Causative  Agent 

Over  the  past  100  years,  a  varietv  of  factors 
have  been  implicated  as  increasing  risk  for 
the  development  of  COPD.  Among  these, 
the  most  tenable  hv]^otheses  included  air 
pollution,  susceptibility  to  reactive  airway 
narrowing  (i.e.,  asthma),  the  consumption 
of  alcohol  an  increased  susceptibility  to 
allergies,  a  historv  of  childhood  respirator)' 
problems,  chest  infections,  occupation. 


socioeconomic  statics,  hereditarv'  factors, 
and  cigarette  smoking.  In  the  past  40  veans, 
all  of  these  have  been  subjected  to  rigorous 
epidemiologic  study  a  .scientific  discipline 
that  evaluates  the  relationships  of  various 
factors  determining  the  frecpiencv  and  dis¬ 
tribution  of  disease.  Over  and  over,  these 
studies  have  led  to  the  same  conclusion — 
that  cigarette  smoking  is  the  major  cau.se 
of  COPD. 

The  concept  of  an  association  between 
cigarette  smoking  and  COPD  is  not  new. 
Studies  in  the  late  nineteenth  centurv 
reported  increased  respiratory  problems  in 
smokers  compared  with  nonsmokers,  but  it 
took  the  tools  of  modern  epidemiology  to 
prove  the  association.  The  results  of  these 
studies  are  overwhelming  and  have  con¬ 
vinced  the  entire  scientific  communitv  of 
the  association  of  cigarette  smoking  and 
COPD.  Evidence  leading  to  such  strong 
conclusions  comes  from  studies  on  the 
association  of  various  risk  factors  vv'ith  res¬ 
piratory  symptoms  and  impairment  of  lung 
function,  deaths  attributable  to  COPD,  and 
evaluation  of  samples  of  lung  tissue. 
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Cigarette  smoking  is  the  major 
cause  of  chronic  obstructive 
pulmonan/  disease  in  the 
United  States. 


Based  on  studies  of  populations,  it  has 
been  demonstrated  that  cigarette  smoking 
is  the  major  cause  of  respiratory  symptoms 
and  impairment  of  lung  function  in  the 
United  States.  Of  all  factors  evaluated 
cigarette  smoking  is,  by  far,  the  major 
predictor  for  the  development  of  COPD. 
Within  a  few  years  after  beginning  to 
smoke,  cigarette  smokers  experience  a 
higher  prevalence  of  respiratoiy  symptoms 
and  abnormal  lung  function.  These  symp¬ 
toms  and  lung  function  abnormalities 
increase  with  the  duration  of  smoking  and 


are  much  greater  in  heavy  smokers  than 
in  light  smokers. 

Although  historically  males  have  had 
a  higher  incidence  of  COPD  than  have 
females,  this  is  probably  because,  in  the 
past  males  smoked  more  than  females. 
Importantly,  evidence  from  several  studies 
has  demonstrated  that  the  ability  to  exhale 
air  rapidly  (the  major  physiologic  abnor¬ 
mality  in  COPD)  declines  at  a  greater  rate 
over  time  in  smokers  compared  with 
nonsmokers. 

Not  only  is  there  clearly  an  increased 
morbidity  associated  with  cigarette  smok¬ 
ing,  but  prospective  and  retrospective  stud¬ 
ies  consistently  have  shown  an  increased 
mortality  from  COPD  in  cigarette  smokers 
compared  to  nonsmokers.  The  risk  of  death 
from  COPD  is  linked  directly  to  the  num¬ 
ber  of  cigarettes  smoked  daily  and  the 
number  of  years  the  individual  has  main¬ 
tained  the  smoking  habit. 

By  analyzing  pieces  of  lung  tissue 
obtained  at  surgery  or  autopsy  from  ciga¬ 
rette  smokers  and  comparing  them  with 
lung  tissue  of  nonsmokers,  it  became  clear 
that  cigarette  smoking  caused  abnormali¬ 
ties  in  the  lung  characteristic  of  COPD. 
These  studies  show  that  cigarette  smoking 
causes  abnormal  changes  in  the  large  air¬ 
ways,  small  airways,  and  in  alveoli.  In  the 
large  airways,  there  are  increases  in  the 
size  and  number  of  glands  that  produce 
mucus,  consistent  with  the  knowledge  that 
cigarette  smoking  is  associated  with  an 
increased  incidence  of  phlegm  production. 
In  the  small  airways,  smoking  causes 
inflammation  and  narrowing  and,  in  the  air 
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Lung  function  testing.  Sophis¬ 
ticated  instrumentation  is  now 
available  to  detect  loss  in  lung 
function. 


I 


sacs,  cigarette  smokers  have  evidence  of 
destruction,  the  hallmark  of  emphvsema 

The  conclusions  of  these  studies  are 
best  stated  in  the  summai'v  of  the  1984 
Report  of  the  Surgeon  General  on  the 
Health  Consecpiences  of  Smoking: 

Cigarette  smokino  is  tlte  major  cause  of 
chronic  obstructive  lung  disease  in  the 
United  States  for  both  men  and  women.  The 
contribution  of  cigarette  smoking  to  chronic 
obstructive  lung  disease  morbiditij  and 
mortalUij  far  outweighs  all  other  factors 

The  ovei-whelming  conclusion  is  inescapa¬ 
ble.  Without  cigarette  smoking,  COPD 
would  have,  at  most  a  minor  impact  on 
the  health  of  society 

Adaptation  of  Physiologic  Principles 
to  Human  Disease — Early  Detection 
of  COPD 

It  is  a  central  tenet  of  clinical  medicine 
that  if  disease  can  be  detected  early,  there 
is  a  greater  chance  of  reversing  the  disease 
process  or  at  least  slowing  it.  In  the  1940s 
and  1950s,  methods  were  developed  that 
defined  the  physiologic  abnormalities  of 
COPD.  Once  these  were  established  the 
search  began  for  lung  function  tests  that 
were  sensitive  to  the  changes  in  the  lung 
that  characterized  this  disease. 

As  the  term  suggests,  COPD  is  charac¬ 
terized  physiologically  by  obstruction  to 
airflow.  Although  there  are  some  changes 
to  airflow  during  inspiration,  the  hallmark 
of  the  disease  is  obstruction  to  e.xpirator\' 
flow.  The  problem  for  early  detection  is  that 
the  first  changes  that  occur  in  COPD  arc  in 
the  small  airways.  Because  of  the  anatomy 
of  the  lung  the  major  resistance  to  e.xpira- 
tory  airflow  is  in  the  large  ainvays.  Since 
the  small  airways  contribute  less  than  10 
percent  of  the  total  resistance  to  airflow 
during  e.xpiration,  even  marked  thickening 


of  the  small  ainvavs  alone  has  little  effect 
on  overall  resistance  to  airflow  and  hence 
on  expiraton'  airflow  as  detected  at  the 
mouth.  Coiisecjuently  disea.se  confined  to 
the  small  ainvavs  was  difficult  to  detect 
with  conventional  lung  function  testing 
efjuipment. 

The  realization  of  this  problem  in  the 
1960s  led  to  intensive  studv  bv  NIILBf 


investigators  to  develop  tests  that  would  Ire 
sensitive  to  changes  in  peripheral  ainvav 
obstruction.  The  problem  was  essentiallv 
one  of  engineering  in  which  the  sophisti¬ 
cated  knowledge  of  phvsiologic  principles 
was  adapted  to  clinical  medicine. 

The  first  method  to  detect  so-called 
small  ainvavs  disease  recjuired  the  subject 
to  breathe  radioactive  .xenon-1.3.3  gas.  When 
there  was  increased  resistance  in  the  small 
ainvay.s,  the  radioactive  gas  remained  in 
the  lung  for  periods  longer  than  normal. 
Other  early  approaches  utilized  compari¬ 
sons  of  the  amount  of  air  exhaled  with 
measurement  of  esophageal  pressure  (a 
measuremeut  ecpiivalent  to  the  pressure 
between  the  chest  wall  and  the  lung)  wiiile 
the  subject  took  small,  rapid  breaths.  Bv 
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stressing  the  lung  in  such  a  fashion,  it  was 
possible  to  demonstrate  that  abnormalities 
in  small  airways  limited  these  dynamic 
volume-pressure  relationships. 

While  sensitive,  thus  fulfilling  the  cri¬ 
teria  for  early  detection  of  small  aii-ways 
disease,  both  methods  were  cumbersome — 
radioactive  gas  in  one  instance  and  the 
necessitv  of  placing  a  small  balloon  in  the 
esophagus  in  the  other.  What  was  needed 
was  an  easily  performed  and  reliable  test 
that  could  detect  early  COPD.  One  such 
approach  was  the  adaptation  of  an  older 
test,  the  so-called  single  breath  nitrogen 
test.  From  physiologic  principles,  investiga¬ 
tors  argued  that  the  airways  in  portions  of 
the  lung  occupying  the  lower  part  of  the 
chest  closed  down  during  expiration  before 
their  counterparts  in  the  lung  in  the  upper 
chest.  This  differential  timing  of  airway 
closure  causes  a  change  in  the  percentage 
of  nitrogen  exhaled  after  taking  one  breath 
of  oxygen.  The  point  during  exhalation  at 
which  this  occurs — called  the  closing  vol¬ 
ume — occurs  earlier  in  COPD  compared  to 
normal  individuals.  The  increased  closing 
volume  in  COPD  was  shown  to  correlate 
with  the  morphologic  changes  in  the  small 
aiiAvays  characteristic  of  this  disorder. 
Another  approach  based  on  physiologic 
principles  was  to  record  the  rate  of  airflow 
while  the  subject  breathed  out  as  rapidly 
and  as  hard  as  possible.  This  was  repeated 
while  the  individual  then  breathed  a  mix¬ 
ture  of  helium  and  oxygen — a  mixture 
lighter  than  air.  By  comparing  the  results  of 
the  two  tests,  investigators  concluded  that 
the  differences  were  related  to  aii-way 
narrowing. 

One  of  the  important  sequelae  of  the 
development  of  these  sensitive  tests  is  their 
use  in  detecting  early  abnormalities  in  the 
airways  of  young  individuals  who  smoke 


cigarettes.  In  this  regard,  studies  have  dem¬ 
onstrated  that  in  young  cigarette  smokers 
who  have  abnormal  tests  of  small  aii'way 
function,  but  othei'wise  are  normal  discon¬ 
tinuance  of  the  smoking  habit  results,  over 
time,  in  reversal  of  the  functional  aii'way 
abnormalities.  Thus,  methods  are  now 
available  to  detect  early  abnormalities  in 
aii'way  function,  early  enough  to  permit 
reversal  before  COPD  becomes  chronic 
and  potentially  disabling.  Such  tests  are 
now  available  to  pulmonary  physicians 
throughout  the  country. 

Bronchodilators  —  Opening  the  Closed 
Passage 

The  three  components  of  COPD — chronic 
bronchitis,  asthmatic  bronchitis,  and 
emphysema — each  have  a  different  patho¬ 
genesis  and  consequently,  there  are  differ¬ 
ent  approaches  to  their  therapy  Asthmatic 
bronchitis  is  uniijue  among  the  three  in 
that  obstruction  to  airflow  associated  with 
it  is,  at  least  in  part,  reversible.  For  those 
individuals  with  COPD  in  which  asthmatic 
bronchitis  plays  a  dominant  role,  this 
reversible  component  is  one  aspect  of  the 
disease  that  is  vulnerable  to  therapy  with 
pharmacologic  agents  that  act  to  dilate 
the  narrowed  aii-ways. 

Typically,  an  individual  affected  with 
COPD  dominated  by  asthmatic  bronchitis 
will  have  a  baseline  level  of  respiratory 
insufficiency  that  intermittently  gets  worse. 
This  intermittent  deterioration  occurs  over 
hours  and  sometimes  days  and  frequently  is 
accompanied  by  an  exacerbation  of  inflam¬ 
mation  and  infection  in  the  airways.  At 
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first  it  may  be  a  minor  inconvenience  to 
the  affected  individual.  Later  in  the  course 
of  the  disease,  as  the  baseline  level  of  lung 
function  deteriorates,  these  exacerbations 
can  be  life-threatening. 

The  mechanisms  causing  these  acute 
exacerbations  of  asthmatic  bronchitis  are 
not  completely  understood.  However,  as  the 
name  “asthmatic  bronchitis’  suggests,  there 


Treatment  of  chronic  obstruc¬ 
tive  pulrmnarij  disease.  A  pa¬ 
tient  with  chronic  obstructive 
pulmonary  disease  is  using  a 
hand-held  nebulizer  to  admin¬ 
ister  a  bronchodilator. 


is  much  evidence  that  it  like  asthma,  is  a 
disorder  in  which  airways  narrow  due  to 
constriction  of  the  muscle  cells  surround¬ 
ing  the  airways.  In  addition,  inflammation 
of  and  fluid  accumulating  in,  the  airway 
walls  occur.  In  asthma,  this  process  is 
completely  reversible  and  is  accelerated 
by  appropriate  therapy. 

Much  work  over  the  past  40  years  has 
gone  into  developing  drugs  that  will  cause 
the  airways  to  open  when  constricted  in 
such  a  fashion.  These  drugs,  called  bron- 
chodilators,  can  be  classified  into  several 


groups.  The  beta-adrenergic  agonists  are 
drugs  that  work  through  specific  receptors 
in  the  airwav.s.  An  example  of  such  a  drug 
is  epinephrine,  which  is  a  natnrallv  occur¬ 
ring  hormone  in  man.  When  this  agent 
binds  to  its  receptor  on  a  cell,  for  example, 
on  a  smooth  muscle  cell  in  the  wall  of  a 
small  bronchus,  the  result  is  a  relaxation  of 
the  cell  and  consequentlv,  dilation  of  the 
aiiAvav.  While  effective  in  treating  asth¬ 
matic  bronchitis,  the  problem  with  beta- 
adrenergic  agonists  is  that  they  also  affect 
parts  of  the  bodv  other  than  the  bronchial 
tree.  Thus,  their  use  can  be  associated  uath 
side  effects,  such  as  a  rapid  heart  beat  and 
muscle  tremors. 

Studies  in  the  1950s  and  1960s  dem¬ 
onstrated  that  there  were  actually  two 
classes  of  beta-adrenergic  receptors,  the 
betai  receptors  found  in  organs  such  as  the 
heart  and  gastrointestinal  tract  and  the 
beta2  receptors  found  in  the  airwavs  and 
organs  such  as  the  uterus.  Using  this  funda¬ 
mental  knowledge,  it  soon  became  possible 
to  design  drugs  relatively  specific  for  the 
betao  receptors,  hence  avoiding  many  of  the 
unpleasant  side  effects  of  the  use  of  beta- 
adreuergic  agents  to  treat  asthmatic 
bronchitis. 

Another  advance  in  the  use  of  these 
agents  has  been  in  the  development  of  aero¬ 
sol  forms  of  deliverv.  This  approach  targets 
the  drug  directlv  to  the  airways,  reducing 
the  dose  necessary  to  be  effective,  and  thus 
lessening  the  incidence  of  side  effects  of  the 
drug.  While  beta-adrenergic  agonists  often 
are  prescribed  for  patients  with  asthmatic 
bronchitis  on  a  regidar  basis,  they  can  be 
used  intermitteutlv  in  mild  cases,  usuallv 
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by  delivering  the  drug  by  aerosol  directly 
to  the  constricted  bronchi. 

The  methylxanthines  are  drugs  known 
lor  many  years  and  are  closely  related  to 
caffeine,  the  stimulant  in  coffee  and  tea. 
Like  the  beta-adrenergic  agents,  the  methyl¬ 
xanthines  relax  the  smooth  muscle  cells  in 
the  walls  of  airways.  But  they  have  many 
other  effects,  including  stimulation  of  the 
clearance  mechanisms  in  the  bronchi.  They 
increase  the  ability  of  the  diaphragm,  the 
large  muscle  separating  the  chest  from  the 
abdomen,  to  contract  thus  helping  patients 
with  COPD  to  breathe  more  efficiently.  One 
of  the  problems  with  the  use  of  methyl¬ 
xanthines  is  that  it  is  sometimes  difficult  to 
gauge  the  correct  dose  because  there  is  a 
wide  variation  in  how  individuals  metabo¬ 
lize  the  drug.  This  problem  was,  in  the 
main,  obviated  by  the  development  of 
methods  to  assay  the  level  of  this  drug  in 
the  blood.  As  a  residt  physicians  know  the 
levels  at  which  the  drug  is  effective  and  the 
level  above  which  side  effects  develop.  In 
this  context  methylxanthines  can  be  used 
effectively;  by  monitoring  the  levels  of 
these  drugs,  side  effects  such  as  gastro¬ 
intestinal  distress  can  be  avoided.  In 
recent  years,  many  different  forms  of  the 
methylxanthines  have  been  developed  with 
different  absorption  and  excretion  charac¬ 
teristics,  thus  helping  the  clinician  to 
choose  a  preparation  appropriate  for 
each  patient. 

One  of  the  new  developments  in  this 
field  has  been  the  adaptation  of  the  use  of 
anticholinergic  agents  as  bronchodilators. 
These  drugs  are  cousins  of  atropine,  or  bel¬ 
ladonna,  and  share  with  it  the  side  effects 
of  a  rapid  heart  beat  urinai'v  retention,  and 
altered  thinking.  The  development  of  modi¬ 
fied  versions  of  atropine,  however,  together 
with  aerosol  targeting  to  the  airways,  has 


led  to  the  obsei^vation  that  anticholinergic 
agents  can  be  nsefid  for  some  patients 
with  COPD. 

Corticosteroids,  drugs  with  the  struc¬ 
ture  and  properties  similar  to  the  natural 
body  hormone  cortisone,  have  been  used  in 
the  treatment  of  asthmatic  bronchitis  since 
their  introduction  in  the  195()s.  These 
drugs  can  be  very  useful  for  some  patients 
with  this  condition,  but  have  serious  side 
effects  such  as  the  induction  of  diabetes, 
weight  gain,  development  of  cataracts,  and 
collapse  of  the  vertebrae  of  the  spine.  How¬ 
ever,  by  using  aerosol  preparations,  the  side 
ef  fects  of  corticosteroids  can  be  obviated 
at  least  in  part. 

Although  there  have  been  major 
developments  in  the  discoveiy  and  use  of 
bronchodilators,  the  search  for  the  “better 
mousetrap”  still  continues.  Among  the  new 
approaches  in  this  field  is  the  development 
of  calcium  channel  blockers,  drugs  widely 
used  for  treating  certain  cardiac  problems 
but  now  recognized  as  also  capable  of  Irron- 
chodilation.  Other  approaches  include  the 
use  of  prostaglandins,  particularly  those  of 
the  E  series,  which  are  naturally  occurring 
substances  capable  of  opening  airways. 

Still  under  investigation,  but  showing 
promise,  are  classes  of  drugs  that  block  the 
release  of  mediators  that  cause  the  airways 
to  constrict.  Other  approaches  involve 
drugs  that  prevent  mediators  from  con¬ 
stricting  the  airways.  These  mediators, 
some  released  locally  in  the  airways  and 
others  released  elsewhere  and  brought  to 
the  lung,  are  thought  to  be  the  signals  that 
cause  bronchoconstriction.  The  concept 
behind  the  development  of  such  drugs  is 
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The  alveolar  macrophage.  A 
scanning  eU'tronmicroscopc 
picture  of  the  alveolar  macro- 
pha^e.  the  cell  that  defends  the 
lower  respiratorij  tract. 


that  if  the  release  of  tliese  mediators  can  be 
prevented  or  if  the  mediators  can  be  halted 
from  functioning,  the  resnlt  wonld  be  the 
prevention  of  ainvav  closure. 

Antimicrobial  Therapy — 

The  Suppression  of  Infection 

Two  of  the  three  forms  of  COPD,  bronchitis 
and  asthmatic  bronchitis,  are  characterized 
l)v  intermittent  infection  of  the  ainvavs 
with  bacteria  At  least  in  part  these  infec¬ 
tions  occur  because  the  damaged  ainvavs  in 
COPD  are  unable  to  clear  the  bacteria  that 
are  normallv  inhaled  in  the  air.  In  addition, 
as  COPD  progresses,  the  surface  of  the 
deranged  ainvavs  becomes  a  haven  for  colo¬ 
nies  of  bacteria  In  certain  circumstances, 
for  example,  if  the  affected  individual 
develops  an  influenza-like  illness,  the.se 
bacteria  mnltiplv  This  causes  the  cells  lin¬ 
ing  the  ainvavs  to  produce  more  mucus, 
and  white  blood  cells  come  to  the  area  to 
help  fight  the  growing  infection.  The  result 


is  a  thick  phlegm  that  clogs  the  bronchial 
tree,  further  worsening  the  abilitv  of  the 
lung  to  e.xchange  o.xvgen  and  carbon  dio.x- 
ide.  The  patient  witli  COPD  usuallv  is 
alerted  to  a  developing  infection  as  the  pro¬ 
duction  of  phlegm  increases  and  it  changes 
consistenev  and  color,  from  thin  and  clear 
to  thick  and  vellow  or  green. 

Important  iiwestigations  bv  \IILBI 
investigators  in  the  195()s  and  1960s  led  to 
an  understanding  of  how  the  ainvavs  nor¬ 
mallv  defend  against  bacterial  infection.  In 
normal  indi\idnals,  inhaled  bacteria  are 
removed  from  the  aimavs  bv  the  mucoci- 
liaiw  escalator,  a  continuous  thin  film  of 
mucus  constantlv  carried  along  the  surface 
of  the  ainvavs  towards  the  mouth  b\  the 
coordinate  beating  of  cilia  thin  hair-like 
projections  on  the  surface  of  some  of  the 
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cells  lining  the  airways.  A  second  line  of 
defense  is  provided  by  macrophages,  a 
mobile  cell  that  is  a  tissue  representative  of 
a  white  blood  cell.  Macrophages  are  capa¬ 
ble  of  engulfing  or  “phagocytozing”  bacte¬ 
ria.  Once  inside  the  macrophage,  the 
bacteria  are  destroyed. 

In  COPD,  these  defenses  are  less  com¬ 
petent  than  in  normal  individuals.  In  part. 


Oxt/gen  therapt/.  In  the  late 
stages  of  chronic  obstructive 
pulmonarij  disease,  oxygen 
therapy  provides  the  body  ivith 
much-needed  oxygen  and  sig¬ 
nificantly  reduces  mortality 


this  is  due  to  the  damage  to  the  aiways 
associated  with  COPD  and  in  part  due  to 
environmental  factors.  For  example,  ciga¬ 
rette  smoking  causes  the  mucociliary  esca¬ 
lator  to  work  less  efficientlv  and  interferes 
with  the  ability  of  macrophages  to  clear 
the  aimays  efficiently.  Although  a  variety 
of  species  of  bacteria  often  colonize  the 
ail-ways  in  COPD,  the  most  common  are 
Streptococcus  pneumoniae  and  Hemo¬ 
philus  influenzae. 

With  the  understanding  that  the  nor¬ 
mal  defenses  of  the  airwavs  need  help  in 
bronchitis  and  asthmatic  bronchitis,  clini¬ 
cians  now  aggressively  treat  developing 
bacterial  infections  in  COPD  patients  with 


antimicrobials,  classes  of  drugs  referred  to 
as  antibiotics.  Since  the  first  antibiotics, 
sulfas  and  penicillin,  were  discovered 
intensive  study  of  the  mechanisms  of  action 
of  these  drugs  has  led  to  a  long  list  of  drugs 
that  can  be  used  to  treat  the  acute  exacer¬ 
bations  of  bronchial  infection  that  are  com¬ 
mon  in  COPD.  Among  these  drugs  are 
ampicillin,  a  penicillin-like  agent  that  has 
activitv  against  a  broader  spectrum  of  bac¬ 
teria  than  does  penicillin,  and  a  class  of 
agents  called  the  cephalosporins,  drugs 
designed  to  circumvent  the  problem  of 
bacteria  that  have  become  resistant  to 
penicillin-like  antibiotics.  Other  antimicro¬ 
bials  commonly  used  to  treat  infection 
associated  with  COPD  include  the  combi¬ 
nation  drug  trimethoprim  and  sulfame¬ 
thoxazole,  and  tetracycline  and  its 
derivatives. 

Although  antibiotic  therapv  for  COPD 
does  not  cure  the  disease,  there  is  no  ques¬ 
tion  that  it  helps  to  prevent  respiratory  fail¬ 
ure  and  improves  the  overall  quality  of  life 
of  affected  individuals.  Together  with  the 
maintenance  of  good  nutrition  and  physical 
conditioning,  and  bronchodilators  for  those 
with  asthmatic  bronchitis,  antibiotics  play  a 
central  role  in  the  therapy  of  COPD.  Once 
used  on  an  empiric  basis  only,  the  present 
understanding  of  lung  defenses  and  the 
pathogenesis  of  COPD  has  led  to  the 
rational  and  effective  use  of  these  agents. 

Oxygen  Therapy — ^An  Old  “Drug”  Leads 
to  Deereased  Mortality 

A  central  consequence  of  COPD  is  the  limi¬ 
tation  of  the  ability  of  the  lung  to  transfer 
oxygen  from  the  air  to  the  blood  at  the  rate 
necessary  for  normal  body  functions.  In  the 
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past,  physicians  often  prescriliecl  oxvgen 
therapy  for  these  inclividnals,  in  which  puri¬ 
fied  ox\'gen  was  breathed  tli rough  a  mask 
or  through  nasal  cannulas,  thin  tubes 
placed  at  the  entrance  to  the  nose.  How¬ 
ever,  there  were  several  problems  with  this 
empiric  use  of  o.xygen  to  treat  COPD.  First, 
sometimes  patients  with  COPD  w'orsened 
with  o.xygen  therapy.  Second  no  one  knew' 
whether  or  not  it  really  improved  morhiditv 
or  mortality  from  the  disease.  Finally  the 
administration  of  o.xygen  was  cumbersome, 
recjuiring  large  cylinders  of  gas,  thus 
“t\ing”  the  patient  to  the  site  of  the  cylin¬ 
der.  Over  the  past  40  years,  iNHLBI  investi¬ 
gators  have  solved  all  of  these  problems. 

Basic  studies  couceruiug  the  mecha- 
uisms  of  the  control  of  respiration  have  led 
to  an  understanding  of  what  tells  us  to 
breathe,  and  w'hy  these  processes  go  awiy 
in  COPD.  Respiration  is  controlled  hv  the 
brain  in  a  section  of  the  brain  stem  called 
the  medulla  Although  we  can  cousciouslv 
override  these  controls,  for  example,  bv 
holding  our  breath  for  a  limited  period 
these  control  processes  are  automatic.  Like 
a  thermostat  that  regulates  the  temperature 
in  our  homes  when  the  furnace  is  on  or  off 
the  centers  that  regidate  when  w'e  breathe 
monitor  the  levels  of  o.xvgen  and  carbon 
dioxide  in  the  blood.  When  the  o.xvgen  is 
low'  or  the  carbon  dioxide  is  too  high,  the 
system  adjusts  to  breathe  more  often,  more 
deeply,  or  both.  In  some  cases  of  COPD,  the 
carbon  dioxide  levels  are  chronically  high, 
and  the  body  adjusts  to  them  bv  e.xcreting 
acid  in  the  urine,  thus  balancing  the  tend¬ 
ency  of  the  high  carbon  dioxide  levels  to 
make  the  blood  too  acidic.  When  this 
adjustment  is  made,  the  mechanisms  that 
respond  to  changes  in  blood  carbon  dioxide 
levels  shut  off  and  the  drive  for  respiration 
becomes  dependent  on  monitoring  the  le\'- 
els  of  oxvgen  in  the  blood.  Howex'er,  when 


o.xygen  is  administered  to  such  an  indi\  id- 
nal,  the  desired  goal — an  elevation  of  blood 
o.xygen — can  have  disastrous  con.secjuences. 
If  the  carbon  dioxide  monitors  have  been 
.sw'itched  off  and  concurrently  the  system 
“sees  normal  levels  of  o.xx'gen,  the  centers 
for  respiration  in  the  central  neiwous  sys¬ 
tem  see  no  reason  to  push  the  respiratoiw 
.system.  Consecjnently  respiration  tends 
to  slow,  and  the  depth  of  each  breath 
decreases.  As  a  result,  the  administration 
of  o.xygen  can  have  the  opposite  of  the 
intended  effect  and  the  patient  can  w'orsen. 

With  a  realization  of  this  problem 
through  basic  research,  physicians  now' 
know  to  monitor  closely  the  levels  of  oxy¬ 
gen  and  carbon  dioxide  in  the  blood  of 
patients  w'ith  COPD  to  whom  o.xvgen  is 
going  to  be  administered  They  do  this  bv 
taking  a  blood  sample  from  an  arterv  with 
a  small  needle  and  measuring  the  .so-called 
arterial  blood  gases,  which  are  the  levels 
of  ox-ygen,  carbon  dioxide,  and  acid  in  the 
blood  coming  from  the  heart  and  lungs. 
Once  requiring  cumbersome  ecjuipment 
and  ver\'  time-consuming,  the  measurement 
of  arterial  blood  gases  is  now  done  bv  auto¬ 
mated  accurate,  and  rapid  instruments 
found  in  all  hospitals  in  the  United  State.s. 

While  administering  oxygen  to 
patients  with  low'  o.xvgen  levels  in  their 
blood  makes  sense,  it  took  tw'o  large-scale 
clinical  trials  to  prove  that  chronic  o.xx'gen 
therapy  was  actuallv  useful  in  treating 
advanced  COPD.  The.se  trials,  conducted  in 
the  United  States  and  the  United  Kingdom 
and  completed  in  the  early  198()s,  evalu¬ 
ated  the  effectiveness  of  long-term  home 
oxx'gen  therapy  in  patients  with  adxanced 
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COPD.  The  study  in  the  United  States  com¬ 
pared  continuous  oxygen  therapy  (oxygen 
administered  at  all  times  possible)  with 
oxygen  therapy  for  12  hours  per  day  includ¬ 
ing  the  sleeping  honrs.  Analysis  of  the  data 
reyealed  that  continuous  oxygen  use  was 
better  than  the  12-hour  “nocturnar  oxygen 
use,  with  the  continuous  therapy  resulting 
in  an  ayerage  of  more  than  3  years  of  addi¬ 
tional  life  for  the  affected  indiyidual.  In  the 
United  Kingdom  study  nocturnal  oxygen 
therapy  was  compared  with  no  therapy  and 
the  results  were  coiwincing.  The  suiwiyal  of 
patients  with  COPD  receiying  nocturnal 
oxygen  therapy  was  clearly  better  than  for 
those  not  receiying  oxygen.  In  addition  to 
the  siu-yiyal  adyantages  of  oxygen  therapy, 
COPD  patients  receiying  oxygen  therapy 
seem  to  haye  neuropsychological  benefits, 
including  improvement  in  objective  mea¬ 
sures  of  brain  f  unction  such  as  IQ.  Thus, 
oxygen,  one  of  the  oldest  “drugs”  known, 
clearly  has  beneficial  effects  when  adminis¬ 
tered  in  a  controlled  fashion  to  patients 
with  advanced  COPD. 

The  mechanisms  by  which  oxygen  ther¬ 
apy  is  efficacious  for  advanced  COPD  have 
been  studied  intensively  by  NHLBI  inve.sti- 
gators.  First,  such  therapy  results  in  greater 
amounts  of  oxygen  being  transferred  across 
the  lung  to  the  blood  thus  permitting  vital 
organs  to  receive  more  o.xygen.  Second  the 
decreased  blood  oxygen  levels  in  advanced 
COPD  are  associated  with  constriction  of 
the  pulmonaiw  arteries,  the  large  blood 
vessels  cariwing  blood  from  the  right  side 
of  the  heart  to  the  lungs.  Consequently, 
the  pressure  in  the  pidmonary  arteries 
increases,  a  condition  called  pulmonary 
hyjiertension.  On  a  chronic  basis,  pulmo- 
nai"v  hvjDertension  can  cause  the  right  side 
of  the  heart  to  fail  a  condition  called  cor 
pulmonale.  The  available  evidence  suggests 
that  chronic  oxygen  therapy  will  reduce 


pulmonary  hyj^ertension  in  these  individu¬ 
als  and  hence  lessen  the  chance  for  the 
development  of  cor  pulmonale. 

While  oxygen  therapy  is  clearly  useful 
in  advanced  COPD,  o.xygen  is  expensive  and 
cumbersome  to  administer.  Unlike  a  pill 
that  can  be  carried  anywhere  and  taken  at 
will  continuous  oxygen  therapy  requires  a 
container  for  the  gas  and  the  tubing  to 
transfer  the  gas  from  the  container  to  the 
patient.  With  the  evidence  from  large  clin¬ 
ical  trials  that  oxygen  can  l;)e  effective  for 
some  patients  with  COPD,  attention  has 
been  placed  on  developing  less  expensive 
and  less  cumbersome  methods  of  o.xygen 
administration.  Included  among  the 
advances  in  this  field  is  the  development  of 
“oxygen  concentrators,”  equipment  that  sep¬ 
arates  o.xygen  from  nitrogen  in  air  by  the 
difference  in  size  of  the  two  molecules  and 
concentrates  the  o.xygen  for  administration 
to  the  patient.  While  less  e.xpensive  than 
tanks  of  o.xygen,  this  equipment  is  bulky 
and  cannot  be  used  easily  by  the  ambula- 
toiy  patient.  An  alternative  approach  has 
been  the  use  of  liquid  oxygen.  Advances  in 
the  technology  of  handling  litpiid  gases 
have  led  to  the  development  of  compact 
devices  weighing  10  pounds  that  can  hold 
suf  ficient  amounts  of  liquid  oxygen  to 
provide  oxygen  to  the  COPD  patient  for 
several  hours  of  therapy. 

Alpha-l-Antitrypsin  Deficiency — ^An 
Experiment  of  Nature  Leads  to  an 
Understanding  of  Emphysema 

Among  the  three  forms  of  COPD,  emphy¬ 
sema  is  the  only  one  that  directly  affects 
the  alveoli  where  gases  are  actually 
exchanged.  Although  morphologists  have 
long  recognized  that  emphysema  is  associ¬ 
ated  with  destruction  of  the  walls  of  the  air 
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sacs,  it  took  intensive  stndv  to  unclerstand 
whv  this  occurs. 

The  walls  of  the  air  sacs  are  supported 
hv  a  connective  tissue  inatri.x,  the  same 
kind  of  molecules  that  provide  the  struc¬ 
tural  support  of  skin,  tendons,  and  all 
internal  organs.  Studies  bv  NHLBI  investi¬ 
gators  have  detailed  the  kinds  of  connec¬ 
tive  tissue  present  in  the  alveolar  walls. 


Computer-generated  three- 
dimensional  model  of  the 
alpha-l-antitri)psin  molecule. 
This  protein  protects  the  air 
sacs  from  injurij  hi/  destructive 
enzi/mes  carried  hi/  white  blood 
cells.  In  the  hercditari/  di.sea.se, 
alpha-l-antitn/psin  deficiency, 
the  reduced  amounts  of  this 
molecule  leave  the  lung  vulner¬ 
able  to  attack  and  eventually  to 
emphysema. 


how  it  is  made,  and  what  enzv'iues  are  capa¬ 
ble  of  destrovdng  it.  The  connective  tissue 
is  comprised  mostly  of  tyjoe  I  collagen,  a 
tough  molecule  that  provides  support  but  is 
not  easily  stretched.  Also  present  is  t\pe  III 
collagen,  a  more  pliable  matrix  component 
and  fibronectin,  an  adhesive  molecule  that 
helps  to  bind  cells  to  the  matrix.  These 
molecules  are  intertwined  with  proteogly¬ 
cans,  complex  mixtures  of  proteins  and 
sugars  that  together  affect  the  function  of 
the  overall  connective  tissue  matrix  as  well 
as  modulate  the  flow  of  water  and  proteins 
passing  through  the  alveolar  walls.  Criti¬ 
cally,  the  alveolar  walls  also  contain  elastic- 


fibers,  molecules  that  have  rnbber-like 
properties  that  help  the  lung  to  exhale 
air  during  respiration. 

Using  cell  culture  techui(|ues,  it  has 
been  demonstrated  that  these  connective 
ti.ssne  components  are  made  bv  cells  within 
the  alveolar  walls,  including  fibroblasts,  as 
well  as  bv  cells  covering  the  air  and  blood 
surfaces  of  the  alveoli.  Studies  with  a  vari¬ 
ety  of  enzv’mes  have  showai  that  when  the 
alveolar  wall  connective  tissue  is  destroyed 
it  is  veiw  difficult  for  the  cells  to  remake 
this  matrix  in  a  normal  fashion.  The 
elastic  fibers  are  particularly  important, 
if  destroyed  the  affected  alveolus  is 
effectively  lost. 

In  reference  to  emphvsemii  the  infor¬ 
mation  relating  to  the  composition  of  the 
alveolar  wall  matrix  became  particidarlv 
important  with  the  discovery  of  an  heredi- 
taiw  disease,  alpha-l-antitiwpsin  deficiency, 
in  the  early  196()s.  Alpha-l-antitr\psin  is  a 
protein  produced  bv  the  liver  and  secreted 
into  the  blood  where  it  diffuses  through 
hodv  organs  to  protect  them  from  neutro¬ 
phil  elastase,  a  destructive  enzyme  carried 
by  white  blood  cells  that  is  capable  of 
destroying  the  connective  tissue  backbone 
that  seiwes  as  the  structural  support  for  tis¬ 
sues  such  as  the  yvalls  of  the  air  sac.s.  \Ve 
iuherit  one  alpha-l-antitnpsin  gene  from 
each  parent.  Most  indiv  iduals  have  inher¬ 
ited  the  common  M-type  alpha-l-antitnp- 
sin  gene  from  both  parents  and  have 
normal  levels  of  alpha-l-antiti-ypsin  in  their 
blood  and  in  tissues.  In  I  to  2  percent  of 
the  population,  hoyvever,  one  of  the  alpha-1- 
antitrypsin  genes  is  the  Z-type,  differing 
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f  rom  the  most  common  normal  alpha-1- 
antitiyjosin  gene  by  two  amino  acids.  If  the 
Z  gene  is  inherited  from  l:)oth  parents,  as 
occurs  in  20,000  to  40,000  individuals  in 
the  United  States,  the  alpha-l-antitiyjjsin 
levels  in  the  bodv  are  about  15  percent  of 
normal.  Because  alpha-l-antitiyjDsin  pro¬ 
vides  the  major  defense  of  the  body  against 
neutrophil  elastase,  sites  at  which  neutro¬ 
phils  accumulate  cannot  deal  with  the 
increased  burden  of  elastase  in  the  local 
milieu.  As  a  consequence,  the  neutrophil 
elastase  has  unimpeded  abilitv  to  destroy 
the  elastic  fibers  as  well  as  other  connective 
tissue  components  of  the  alveolar  walls. 

That  is  exactly  what  happens  in  the 
lung  in  alpha-l-antitryj)sin  deficiency.  The 
lung  is  the  only  organ  in  the  body  that 
chronically  must  contend  with  a  burden  of 
neutrophils.  While  this  is  a  low  burden  that 
is  easily  handled  bv  the  protective  screen  of 
alpha-Tantitiypsin  in  normal  individuals, 
in  those  who  have  inherited  the  Z  gene 
f  rom  both  parents  and  hence  have  alpha-1- 
antitiyjisin  deficiency,  this  low  burden  of 
neutrophils  releases  sufficient  amounts  of 
elastase  to  slowly  destroy  the  alveolar  walls. 
In  those  individuals  with  alpha-l-antitiy|0- 
sin  deficiency  who  smoke  cigarettes,  the 
process  is  accelerated,  so  much  so  that  they 
have  a  10-  to  20-year  shorter  lifespan  than 
alpha-l-antitry|isin  deficient  individuals 
who  do  not  smoke.  In  normal  adults,  there 
are  approximately  300  million  alveolf  far 
more  than  are  needed  by  most  of  ns  in  our 
evervdav  activities.  Consequently  many 
alveoli — probably  20  to  30  percent  for 
active  indi\  iduals  and  perhaps  more  for 
those  who  are  sedentarv — can  be  destroved 
before  the  affected  individual  detects  a 
problem  and  seeks  medical  attention.  Thus, 
alpha-l-antitiy|osin  deficiency  usuallv  is  not 
diagnosed  until  the  individual  is  in  his  or 
her  late  20s  or  early  30s,  and  sometimes 
later. 


Of  all  cases  of  COPD  in  the  United 
States,  alpha-1-antitiyiosin  deficiency  repre¬ 
sents  a  relatively  small  proportion,  esti¬ 
mated  at  about  2  percent  of  the  total. 
Furthermore,  unlike  most  cases  of  COPD, 
individuals  with  alpha-I-antitryj^sin  defi¬ 
ciency  usually  have  emphysema  without 
concomitant  elements  of  bronchitis  or 
asthmatic  bronchitis.  However,  although 
alpha-l-antitiy]Dsin  deficiency  explains  the 
pathogenesis  of  what  appears  to  be  only  a 
small  percentage  of  the  total  cases  of 
emphysema,  in  fact,  it  has  become  the 
model  for  understanding  the  development 
of  emphysema  in  general. 

In  this  regard  while  individuals  with 
normal  levels  of  alpha-I-antitry|Dsin  should 
have  adeejuate  amounts  of  alpha-l-antitryj3- 
sin  in  the  lungs  to  protect  against  destruc¬ 
tion  by  neutrophil  elastase,  studies  by 
NHLBI  investigators  have  shown  that  this 
defensive  molecule  has  an  “Achilles’  heel” 
that  permits  it  to  be  inactivated  leaving  the 
lung  relatively  defenseless  against  neutro¬ 
phil  elastase.  Alpha-I-antitry|isin  inhibits 
elastase  at  a  specific  site,  called  the  active 
site,  in  the  alpha-I-antitryj^sin  molecule. 
Centered  in  this  active  site  is  the  amino 
acid  methionine,  a  common  amino  acid 
that  is  very  susceptible  to  oxidation,  a  pro¬ 
cess  that  removes  electrons,  causing  the 
methionine  to  change  its  form.  When  this 
occurs,  for  example,  in  the  presence  of 
cigarette  smoke  or  oxidants  released  from 
inflammatoiy  cells  activated  by  cigarette 
smoke,  the  alpha-l-antitryq^sin  molecule  no 
longer  can  act  as  an  effective  inhibitor  of 
elastase.  This  concept,  while  still  being 
investigated  actively,  has  helped  enormously 
in  explaining  why  cigarette  smoking  is 
associated  with  the  development  of 
emphysema. 
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For  alpha-l-antitnpsiii  deficiencv; 
an  understanding  of  the  pathogenesis  of 
the  disease  has  led  to  major  strides  in  the 
development  of  what  should  he  effective 
therapv  for  the  prevention  of  further 
destruction  of  the  alveoli.  Bv  purifv'ing 
I  alpha-l-antitr\psin  from  the  serum  of  nor¬ 

mal  donors,  NIILBI  investigators  have  dem¬ 
onstrated  that  weeklv  intravenous  infusions 


Administration  of  alpha-1- 
antitrypsin  to  an  individual 
with  the  hereditan/  disorder, 
alpha-l-antitnjpsin  deficiency 
By  augmenting  the  levels  of 
alpha-l-antitnjpsin  in  the 
blood  and  lung,  the  air  sacs  are 
protected  from  progressive 
destruction. 


of  alpha-l-antitryi:)sin  to  alpha-l-antitr\psin 
deficient  individuals  can  maintain  plasma 
and  lung  alpha-l-antitiy|:)sin  levels  that 
should  be  sufficient  to  protect  the  alveoli 
from  the  burden  of  neutrophil  elastase  to 
which  thev  are  exposed.  Purified  alpha-1- 
antitiypsin  prepared  by  commercial  sources 
is  now  being  evaluated.  Furthermore,  using 
using  methods  of  recombinant  DNA  tech¬ 
nology,  human  alpha-f-antitr\psin  has  been 
manufactured  in  microorganisms.  Such 
molecules  have  been  showm  to  be  effective 
as  inhibitors  of  neutrophil  elastase  in  the 
test  tube,  and  studies  are  in  process  to  eval¬ 
uate  their  potential  use  in  humans.  The 
prospect  of  using  recombinant  DNA  tech¬ 
nology  to  produce  alpha-l-antitrvpsin  has 
several  advantages.  First,  since  the  microor¬ 
ganisms  can  be  grown  in  vast  amounts,  the 
supplies  would  be  unlimited.  Second  the 
recombinant  products  would  be  free  of 
potential  viral  contaminants  inherent  in 
anv  blood-derived  product.  Finally,  using 


the  recombinant  technologv',  it  is  possible 
to  modifv  the  alpha-l-antiti-vpsin  molecule 
such  that  the  methionine  at  the  active  site 
is  replaced  with  valine,  another  amino  acid 
This  modified  form  of  alpha-i-antitr\psin 
not  onlv  inhibits  neutrophil  elasta.se  effec- 
tivelv;  but  importantlv,  is  not  susceptible  to 
oxidation.  Thus,  for  the  subgroup  of  COPD 
patients  with  alpha-l-antitr\psin  deficiency, 
the  prospects  are  e.xcellent  for  one  or  more 
therapeutic  agents  that  should  prevent 
further  lung  destruction. 

Summary 

A  common  lung  disease  that  disables 
millions  of  American  people,  COPD  has 
been  under  intensive  scrutiny  by  NHLB1- 
supported  investigators.  Immense  strides 
have  been  made. 

The  major  causative  agent  the  ciga¬ 
rette,  has  been  identified.  Sophisticated 
phvsiologic  techniques  can  detect  COPD  in 
its  early  stages.  Drugs  are  available  that 
improve  the  qualitv  of  life  of  affected  indi¬ 
viduals  and  in  some  cases,  extend  the  life¬ 
span  of  those  with  severe  disease.  For  the 
small  subgroup  of  individuals  with  the 
hereditarv  disorder,  alpha-l-antitrvpsin 
deficiencv,  the  molecular  mechanisms  of 
the  pathogenesis  of  COPD  are  now  defined 
and  therapies  have  been  devised  that 
should  prevent  the  progressive  nature 
of  the  disease. 

The  past  40  vears  of  progress  give  rea¬ 
son  to  believe  that  the  enigma  of  COPD  has 
been  deciphered.  All  indications  suggest 
that  progress  in  this  field  together  with  the 
avoidance  of  cigarette  smoking,  will  result 
in  the  reduction  and  eventual  elimination 
of  this  disabling  disease. 

Eimald  G.  Cnisial,  M.D. 
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( Left)  A  model  of  a  hemo¬ 
globin  molecule  showing 
points  of  mutation. 


Hemoglobinopathies: 

Aehievements  In  Molecular  Biology 


Dr  James  Herrick  described 
“peculiar  elongated  and 
sickle-shaped  red  blood  cor¬ 
puscles”  in  a  Black  West  In¬ 
dian  .student  in  1910. 


(Right)  Beta  chain  with  single 
amino  acid  .substitution,  valine 
for  glutamic  acid 


F or  many  years,  hematologists 
had  heen  intrigued  by  a  group  of 
hemolytic  anemias  of  hereditary 
origin  that  were  defined  on  the 
basis  of  their  varying  clinical  and 
morphologic  findings.  Among  the 
major  examples  are  sickle  cell 
anemia,  described  by  Dr.  James 
Herrick  in  1910,  and  Cooley’s  ane¬ 
mia,  described  in  1925.  However, 
little  was  understood  about  the 
etiology  of  these  disorders  until 
abnormalities  of  hemoglobin,  the 
red  pigment  of  blood  responsible 
for  carrying  oxygen  to  the  tissues, 
were  identified  by  Linus  Pauling 
and  Harvey  Itano  in  1948.  These 
critical  observations  took  place 
about  the  time  that  the  National 
Heart  Institute  (later  to  be  called 
the  National  Heart,  Lung,  and 
Blood  Institute)  was  being  estab¬ 
lished  as  the  second  of  the  cate¬ 
gorical  Institutes  of  the  NIH. 


Evolution  in  Knowledge  of  Hemoglobin 

In  1948,  hemoglobin  already  had  heen  the 
subject  of  extensive  study  for  over  100 
years  from  both  the  structural  and  physio¬ 
logical  points  of  view.  Much  was  known 
about  its  compositioa  physical  nature,  and 
chemical  characteristics.  In  addition,  it  had 


heen  recognized  for  almost  as  long  a  period 
that  infants  had  a  distinctwe  form  of  hemo¬ 
globin,  called  fetal  hemoglobin  (HhF),  that 
differed  in  important  physiological  wavs 
from  its  normal  adidt  counterpart.  The 
observations  of  Pauling  and  Itano,  indicat¬ 
ing  a  structural  ahuormalitv  in  the  hemo¬ 
globin  found  within  the  red  cells  of  a 
patient  with  sickle  cell  anemia,  represented 
a  discovery  of  the  most  profound  impor¬ 
tance.  In  1958,  Ingram  demonstrated  that 
hemoglobin  S  (HbS)  resulted  from  the  sub¬ 
stitution  of  a  single  amino  acid  six  units 
down  from  the  N-terminus  of  one  of  the 
chains  (beta  chain)  of  the  hemoglobin.  Sub¬ 
sequent  use  of  the  methods  emploved  in 
this  discovery  led  to  not  only  the  recogni¬ 
tion  of  many  other  abnormal  hemoglobins 
but  also  au  understanding  of  the  genetic 
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code,  the  mechanism  of  initiation  of  pro¬ 
tein  synthesis,  and  today  s  intoxicating 
progress  in  molecnlar  biology  and  genetic 
engineering. 

By  the  time  that  NHLBI  had  instituted 
its  hematology  program  during  the  latter 
part  of  the  1960s,  much  work  already  had 
been  carried  out  to  define  the  nature  ol  the 
structural  characteristics  of  normal  adidt 
(HhA)  and  fetal  hemoglobins,  as  well  as  the 
characteristics  of  an  increasing  number  of 
abnormal  hemoglobins,  some  intimately 
connected  with  hemolytic  anemias  preya- 
lent  throughout  the  world.  Included  in  this 
group  were  HhS,  hemoglobin  C  (HhC), 
hemoglobin  D  (HhD),  and  hemoglobin  E 
(HbE)  in  yarious  forms  and  combinations 
of  sickle  cell  disease  and  thalassemice  as 
well  as  many  other  yariants  of  hemoglobin, 
some  of  which  had  little  or  no  clinical 
significance. 

Support  for  many  of  the  seminal  stud¬ 
ies  related  to  the  abnormal  hemoglobins 
was  proyided  throughout  the  Institutes 
of  the  NIH  between  the  f940s  and  the  mid- 
f960s,  although  the  National  Institute  of 
Arthritis  and  Metabolic  Diseases  (NIAMD) 
and  the  National  Institute  of  General  Med¬ 
ical  Sciences  seiwed  as  focal  points  for  such 
work  during  those  exciting  days  of  e.xplora- 
tion.  The  NHLBI  began  its  inyolyement 
in  this  area  of  research  when  it  instituted 
a  blood  diseases  and  resources  program, 
initially  as  a  branch  of  NHLI  and  subse¬ 
quently  as  a  formal  Diyision  of  NHLBI. 

Thus  it  is  only  during  the  past  20  years  of 
this  process  that  NHLBI-snpported  scien- 
tist.s,  both  intramnrally  and  extramurally, 
haye  been  intimately  and  creatiyely 
inyolyed  in  this  field  of  scientific  inquii'y. 


Hemoglobin,  the  heme-protein  complex 
from  which  the  red  corpuscles  deriye  their 
function  as  oxygen  carriers,  consists  of  four 
iron-hearing  heme  groups  and  two  pairs  of 
dissimilar  polypeptide  (globin)  chains.  The 
amino  acid  sequences  and  rates  of  synthesis 
of  the  globin  chains  in  the  red  cell  precur¬ 
sors  are  controlled  by  structural  and  regu- 
latoiy  gene  sequences  in  the  DNA-BNA 
code.  E.xcluding  transient  embiyonic  yari¬ 
ants,  four  kinds  of  globin  chains,  desig¬ 
nated  alpha,  betel,  gamma,  and  delta,  are 
synthesized.  The  genes  coding  for  alpha 
chains  are  actiye  from  an  early  stage  of  ges¬ 
tation  through  adult  life  so  that  one  of  the 
two  pairs  of  globin  chains  is  always  alpha 
The  expression  of  the  genes  coding  for  the 
complementaiy  pair  changes  during  the 
transition  from  fetal  to  extranterine  life, 
hut  in  normal  indiyidnals,  the  synthesis  of 
alpha  and  nonalpha  chains  is  always  bal¬ 
anced.  Most  of  the  postnatally  synthesized 
hemoglobin  (HbA)  consists  of  alpha-  and 
beta-chain  pairs. 

Sickle  cell  anemia  and  Cooley’s  anemia 
(thalassemia  major,  beta-thalassemia°)  are 
prototy|Des  of  a  large  and  diyerse  group  of 
disorders  arising  from  mutations  of  globin 


°The  term  "thalassemia"  (from  the  Creek  tlialassa,  the 
sea.  and  liaima,  blood),  coined  in  1932  in  the  belief  that 
Cooley  ’s  anemia  was  peculiar  to  persons  of  Mediterranean 
descent,  has  displaced  the  eponym  in  scientific  n.sa^e  for 
the  sake  of  convenience.  It  can  be  hyphenated  to  discrimi¬ 
nate  between  alpha-  and  beta-thalassemias,  and  it  lends 
itself  to  denoting  hi/brid  cottditions  such  as  sickle  cell- 
thalassemia  and  HbE-thalassemia.  Collectively,  the  term 
"thala  ssemias  "  describes  a  midtiplicity  of  disorders  of 
which  Cooley's  anemia  was  only  the  first  to  be  recoffiized 
The  fieopraphic  distribution  of  thalassemias  extends  from 
the  Mediterranean  basin  to  the  Far  East.  In  the  United 
States,  beta-thalassemia  Irenes  have  a  sitpiificant  incidence 
in  ethnic  ti,roups  of  Italian.  Greek,  and  Oriental  descent. 
Thei/  are  also  found — thonp,h  far  less  often  than  the 
sicklina  f^enes — in  black  Americans.  On  the  other  hand, 
alpha-thalassemia  occurs  widely  not  only  in  those  of  Asian 
and  Mediterranean  origin  but  also  in  black  Americans. 
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Simplified  model  of 
Hemoglobin  A 


genes  and  resulting  in  either  the  production 
of  strncturallv  al)normal  hemoglobins  or 
tlie  impairment  and  imhahmce  of  the  s\ii- 
thesis  of  normal  hemoglobin.  I fomozcgotes 
(persons  who  have  inherited  the  same 
mutant  gene  from  both  parents)  mav  die  in 
childhood  or  snffer  from  lifelong,  often 
severely  disabling  disease  that  recpiires  fre- 
cjnent  blood  transfusions  and  treatment  for 
complications,  notably  infections  and  dam¬ 
age  to  vital  organs.  IIeteroz\gotes  (carriers 
of  a  single  abnormal  gene)  exhibit  an 
asx  inptomatic  but  readily  detectable  trait, 
e.g.,  .sickle  trait  or  “Coolev  trait’  (thalasse¬ 
mia  minor).  Tests  for  these  traits  are 
essential  for  genetic  counseling  and 
for  population  sun’evs. 

Four  decades  ago,  the  molecular  basis 
of  these  disorders  (now  known  collectively 
as  hemoglobinopathies)  was  only  suspected 
and  even  their  genetic  aspects  were  not 
fully  understood.  Our  present  knowledge 
reflects  some  of  the  major  achiev'ements 
of  modern  molecular  biologx':  elucidation 
of  the  molecular  structure  of  hemoglobin, 
precise  characterization  of  its  normal  and 
pathological  yariant,s,  evolution  of  the  con¬ 
cept  of  alpha-  and  heta-thalassemia.s,  and 
discovert’  of  the  basic  genetic  mechanisms 
by  which  the  SMithesis  of  globins  (or  any 
other  proteins)  is  controlled  at  the  cellular 
and  molecular  levels. 

A  National  Effort  to  Combat 
Hemoglobinopathies 

In  1971,  President  Nixon  .sent  a  message  to 
Congress  in  which  sickle  cell  anemia  was 
targeted  as  a  major  health  problem  in  this 
countn,’.  Recognizing  the  magnitude  of  the 
problems  posed  by  sickle  cell  disease  and 
the  thalassemias.  Congress  enacted  two 


laws  in  1972,  The  National  Sickle  Cell  .-Xne- 
mia  Control  .Act  (PL.  92-294)  and  'I'he 
National  Cooleys  Anemia  Control  .Act  (PL. 
92-414),  followed  the  same  year  by  the 
comprehensi\e  National  1  leart.  Blood  Ves¬ 
sel,  Lung,  and  Blood  Act  (PL,  92-42.3).  In 
response.  Nil  LI  designated  sickle  cell  ane¬ 
mia  as  a  National  Program  Area  and  estab¬ 
lished  a  Sickle  Cell  Di.sease  Branch  in  the 
newly  created  Dis  ision  of  Blood  Diseases 
and  Resources  (DBDR)  charged  with  pro¬ 
moting  re.search,  training,  education,  and 
related  acti\  ities.  Comparable  responsibili¬ 
ties  for  Cooleys  anemia  and  thala.s.semia  in 
general  were  assumed  by  the  Blood  Dis¬ 
eases  Branch  of  DBDR,  with  additional  sup¬ 
port  from  the  Di\ision  of  Kidney,  Urologic, 
and  Hematologic  Diseases  of  the  National 
Institute  of  Arthritis,  Diabetes,  and  Diges¬ 
tive  and  Kidney  Disea.ses  (NLADDK). 

Since  the  early  seventies,  therefore,  the 
Institute  has  plaved  a  major  role  in  develop¬ 
ing  the  research  base  for  sickle  cell  di.sease 
and  Cooley’s  anemia.  At  the  time  of  the 
Presidents  message  to  Congress  in  1971, 
NIII  research  actixities  that  were  related 
to  sickle  cell  disea.se  amounted  to  approxi- 
inateK'  .$1  million  distributed  among  .sev¬ 
eral  Institutes.  NHLI  took  the  lead  for 
this  Federal  initiative,  organized  a  national 
program  of  research  and  sen  ices,  and 
prox  ided  the  catalxst  for  research  support 
that  for  the  current  xear  is  in  excess 
of  $2.5  million. 

In  a  similar  xein,  the  Institute  has  pro¬ 
vided  a  major  focus  for  thalassemia-related 
research,  sharing  some  aspects  of  this  area 
of  responsibility  as  noted  aboxe  xxith 
NLA.MD  (subsecjuentlx  .NLADDK  and 
currently  NIDDK).  Current  support  for 
Coolex  s  anemia  research  at  the  .NTILBI 
is  oxt'r  $b  million. 
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Sickled  cells  maftnificd  by 
a  scanning’  eletiron  microscope. 


Sickle  Cell  Disease  —  Spectrum  of 
Research 

The  modern  era  of  research  in  sickle  cell 
disease  followed  passage  of  the  National 
Sickle  Cell  Anemia  Control  Act  of  f972 
and  the  assignment  of  responsibilities  for 
this  program  to  NHLI.  The  stimnlns  pro¬ 
vided  by  this  effort  aroused  the  interest  of 
a  large  number  of  biochemists,  cell  biolo¬ 
gists,  physical  chemists,  and  molecidar 
and  structural  biologists. 

The  accomplishments  since  1972  can 
be  divided  broadly  into  basic  molecular  and 
cellular  studies,  clinical  studies,  and  thera¬ 
peutic  trials.  In  addition,  a  significant 
feature  of  what  has  been  achieved  is  the 
interaction  among  e.xperts  in  each  of  these 
fields.  The  NHLBI  program  from  the  outset 
sought  to  improve  communication  among 
basic  and  clinical  scientists,  educators, 
practicing  physicians,  and  the  community 
at  large.  Much  has  been  accomplished  in 
fostering  those  interactions,  although  much 
remains  to  be  done.  This  spectrum  of 
research  is  described  in  the  following 
sections. 


Basic  Molecular  and  Cellular  Studies 

The  recognition  that  gelling  of  the  abnor¬ 
mal  HbS  leads  to  sickling  of  the  red  cell 
and  that  partial  inhibition  of  gelation  could 
reduce  clinical  severitv  has  led  to  an  enor¬ 
mous  effort  to  understand  the  gelation  pro¬ 
cess  in  detail  and  to  relate  the  results  of 
these  studies  to  the  pathophysiology  and 
therapy  of  sickle  cell  disease.  From  such 
studies  emerged  the  picture  that  a  gel  of 
HhS  is  composed  of  long  polvmers,  which 
have  the  appearance  of  fibers,  together  with 
hemoglobin  molecules  free  in  solution.  Two 
major  advances  in  structural  studies  of 
individual  fibers  have  been  made.  One  has 
been  the  demonstration  by  electron  micro¬ 
scopy  and  image  reconstruction  techniques 
that  the  fiber  consists  of  14  intertwined 
helical  strands.  Bundles  of  these  fibers  are 
responsible  for  sickling,  i.e.,  deformation  of 
the  red  cell.  The  second  has  been  the  deter¬ 
mination  by  x-ray  ciystallography  that  the 
ciystal  is  composed  of  double  strands  in 
which  one  beta  6  valine  in  each  tetramer 
is  involved  in  an  intermolecidar  contact 
between  molecules  on  adjacent  strands.  The 
double  strand  of  the  crystal  is  a  basic  struc¬ 
tural  element  of  the  fiber  so  that  the  fiber 
can  l)e  constructed  from  seven  helically 
twisted  double  strands.  These  structural 
studies  have  guided  the  development  of 
agents  designed  to  inhibit  gelation  by 
altering  the  conformation  of  the  HbS  mole- 
cnle  or  by  directly  interfering  with  the  for¬ 
mation  of  bonds  between  molecules  in  the 
fiber  by  blocking  the  contact  sites. 

Kinetic  studies  of  gelation  not  only  led 
to  a  mechanism  for  the  formation  of  fibers 
but  also  have  played  a  central  role  in  elu¬ 
cidating  the  pathophysiology  of  sickle  cell 
disease  and  suggesting  new  therapies. 
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Fiber  from  Hemoglobin  S. 
bundles  of  which  are  responsible 
for  sickling. 


These  studies  showed  that  gelation  is  pre¬ 
ceded  Iw  a  marked  delay  period  that  is 
extraortlinarily  sensitive  to  amliient  condi¬ 
tions.  The  importance  of  the  delay  time  to 
the  occurrence  of  sickling  is  that  it  allows 
most  cells  to  escape  from  the  microcircnla- 
tion  and  be  reoxvgenated  in  the  kings 
before  any  significant  polymerization  has 
occurred.  In  the  absence  of  a  delay  period 
over  90  percent  of  cells  would  contain  poly¬ 
mer  and  be  sickled.  In  the  case  of  sickle  cell 
trait  the  delay  times  are  of  sufficient  length 
that  with  the  possible  exception  of  the  kid¬ 
ney  all  cells  return  to  the  lungs  before  any 
polymerization  of  the  hemoglobin  has 
occurred  accounting  for  the  lack  of  any 
clinical  signs  of  disease.  In  sickle  cell  ane¬ 
mia,  this  delay  time  becomes  the  critical 
factor  that  leads  to  clinical  disease.  Differ¬ 
ences  between  genetically  defined  s\ti- 
dromes  therefore  can  be  explained  by 
differences  in  intracellular  gelation  rates. 
There  is,  however,  a  wide  spectrum  of  clin¬ 
ical  severity  within  each  of  these  disorders, 
and  this  heterogeneity  is  currently  a  subject 
of  intense  re.search.  One  possibility  is  that 
differences  in  the  degree  of  adherence  of 
red  cells  to  the  vascular  endothelium  are 
responsible.  Adherence  has  the  effect  of 
slowing  blood  flow  and  thus  increasing  the 
transit  time  through  the  microcirculation 
and  allowing  more  cells  to  sickle. 


The  overall  impact  of  studies  on  gela¬ 
tion  has  been  to  introduce  (juantitative 
techniques  and  concepts  of  physical  chem- 
istn'  into  the  understanding  of  sickle  cell 
disease.  As  a  result,  a  comprehensive 
description  of  gelation  and  its  relation  to 
the  pathophysiology'  and  therapy  of  the  dis- 
ea.se  is  now  available.  The.se  studies  may  be 
viewed  as  among  the  first  snccessfid  appli¬ 
cations  of  physical  chemistry  to  a  human 
disease. 

Clinical  Research 

Among  the  NHLBI  s  major  contributions  to 
the  study  of  sickle  cell  disea.se  is  the  estab¬ 
lishment  of  a  number  of  Comprehensive 
Sickle  Cell  Centers  as  major  program 
component.s.  Designed  to  bridge  the  gap 
between  scientific  investigation  and  the 
practical  application  of  this  knowledge, 
centers  were  established  (starting  in  1973) 
in  areas  with  large  at-risk  populations  for 
sickle  cell  disease.  This  concept  encouraged 
community  involvement  and  the  integra¬ 
tion  of  health  sen  ices  into  a  research  en\  i- 
ronment  as  part  of  a  nnicjue  program 
emphasizing  prevention,  education,  and 
control  activities.  Center  grants  have  con¬ 
tinued  as  the  mainstay  of  the  National 
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Sickle  Cell  Disease  Program,  and  current 
legislation  requires  that  the  NHLBI 
maintain  funding  for  a  minimum  of 
10  such  Centers. 

A  number  of  major  advances  in  clin¬ 
ical  studies  in  sickle  cell  disease,  including 
prenatal  diagnosis  and  a  comprehensive 
description  of  the  natural  history,  have 
emerged.  Early  attempts  at  prenatal  diagno¬ 
sis  were  based  on  the  identification  of  the 
hemoglobin  types  found  within  the  fetal 
red  cells.  The  discovery  of  linked  polymor¬ 
phisms,  readily  recognizable  changes  in 
DNA  that  were  inherited  with  the  sickle 
cell  mutatioa  revolutionized  the  field.  The 
subsecpient  discovery  of  restriction  endo¬ 
nucleases,  enzymes  capable  of  cutting  genes 
at  specific  locations,  that  recognized  the 
exact  site  of  mutation  proved  even  more 
important  in  that  it  permitted  accurate 
diagnosis  of  sickle  cell  anemia  from  fetal 
cells  in  amniotic  fluid  (amniocentesis  being 
a  much  safer  procedure  than  sampling  of 
fetal  blood).  The  recent  development  of 
chorionic  villus  sampling  and  in  vitro 
methods  for  DNA  amplification  may  make 
earlier  diagnosis  a  completely  practical 
techni(jue. 

Although  the  first  patient  with  sickle 
cell  anemia  was  described  over  75  years 
ago,  a  clear  understanding  of  the  disease  is 
just  beginning  to  emerge  from  the  large 
NHLBI-sponsored  study  of  the  clinical 
course  of  a  broad  sample  of  patients.  The 
study  group  represents  the  largest  sickle 
cell  disease  population  ever  enrolled  in 
a  clinical  research  protocol  (over  4000 
patients)  and  includes  approximately  600 
newborns.  Growth  and  development 
assessment  of  spleen  function,  major  organ 
complications,  psychosocial  dysfunction, 
and  longevity  are  among  the  topics  investi¬ 
gated.  Other  studies  have  focused  on  the 


mechanisms  of  fulminant  infection  in 
young  children,  particularly  as  complement 
activation  is  impaired  and  splenic  function 
is  compromised  or  absent.  Recognition  of 
the  hazard  of  infection  with  pneumococci 
was  a  strong  stimulus  to  the  development 
of  a  pneumococcal  vaccine  and,  subse¬ 
quently,  to  the  recent  demonstration  that 
penicillin  prophylaxis  has  a  significant 
effect  in  decreasing  mortality.  Detailed 
studies  of  retinal  pathology  related  to 
hemoglobinopathies  led  to  the  development 
of  internationally  recognized  guidelines  for 
the  classification  of  ocular  sequelae  of  these 
disorders.  These  studies  in  turn,  have  been 
instrumental  in  devising  more  effective 
therapy  for  the  ocular  pathology  seen  in 
sickle  cell  disease. 

The  onset  of  chronic  organ  damage 
appears  earlier  than  previously  expected. 
Gallstones  can  occur  in  children  as  young 
as  5  years  of  age,  and  aseptic  necrosis  of 
bones  may  be  apparent  as  early  as  3  years 
of  age.  Strokes  are  an  important  cause 
of  death  and  disability  in  children,  and 
transfusion  regimens  have  emerged  as  an 
important  factor  in  preventing  them.  Iron 
overload  is  an  inevitable  consequence  of 
such  transfusion;  more  effective  use  of  the 
available  chelating  agent  deferoxamine,  has 
been  advanced,  and  an  active  search  is 
underway  for  an  orally  effective  agent 
Information  on  the  age  of  onset  rate  of 
progression,  and  outcome  of  various  com¬ 
plications,  coupled  with  increasing  knowl¬ 
edge  of  risk  factors  and  the  psychosocial 
implications  of  sickle  cell  disease,  provide 
the  foundation  for  improving  the  manage¬ 
ment  and  quality  of  life  for  these  patients 
and  their  families. 


Hemogfobinopathies 


97 


The  physician  is  examining 
this  baby  for  possible  sickle  cell 
disease  in  one  of  the  NHLBI 
Comprehensive  Sickle  Cell 
Centers 


An  early  focus  of  the  NHLBI  program 
was  on  emergency  room  management  of 
sickle  cell  crises  anti  the  development  of 
treatment  protocols  that  would  ensure  ade¬ 
quate  care  for  all  patients.  A  consensus  of 
e.xperts  in  the  field  led  to  publication  of 
“Management  and  Therapx'  of  Sickle  Cell 
Disease,  an  NHLBI  booklet  outlining  the 
basics  of  care  for  common  medical  and  sur¬ 
gical  problems.  Psychosocial  dysfunction,  a 
problem  for  many  patients,  had  been  recog¬ 
nized  and  attempts  have  been  made  to 
improve  its  diagnosis  and  management. 
Nutritional  disorders  also  have  been  sug- 
gested  as  part  of  the  disease,  at  least  in  chil¬ 
dren,  and  studies  directed  at  this  problem 
are  being  encouraged. 

A  major  contribution  to  the  manage¬ 
ment  of  sickle  cell  patients  has  come  from 
advances  in  education  and  counseling.  The 
technology  for  population  screening  was 
well  advanced  before  techniques  for  educa¬ 
tion  and  counseling  were  developed.  One  of 
the  first  goals  for  the  Sickle  Cell  Centers 
and  Screening  Clinics,  initially  established 
in  1972,  was  the  development,  utilization, 
and  assessment  of  educational  programs. 
That  objective  has  been  met  more  success- 
fnllv  than  e.xpected  because  knowledge  of 
the  disease  and  its  inheritance  has  spread 
far  beyond  the  Centers.  The  development  of 
counselors  and  counseling  techniques  has 
been  less  successful.  Many  states  have  insti¬ 
tuted  newborn  screening  programs  for 
infants  with  clinicallv  significant  disease, 
but  there  are  usually  insufficient  resources 
to  provide  follow-up  and  counseling  to  the 
mothers  of  infants  with  sickle  cell  trait 
detected  during  the  screening  process. 

Education  of  medical  personnel  has 
been  enhanced  so  that  the  disease  has 
become  less  of  an  obscure  curiosity  In 
urban  centers,  there  are  now  adecjuate 


numbers  of  trained  doctors  and  nurses  to 
care  for  the  newborns  identified  in  screen¬ 
ing  programs.  This  generalization  is  not 
true  in  many  rural  areas  but  is  being 
addressed  through  formal  and  informal 
training  programs. 

Search  for  a  Treatment 

Much  of  sickle  cell  disease  research  has 
been  directed  toward  the  development  of  a 
specific  therapy.  As  noted  above,  the  first 
effective  form  of  therapy  was  transfusion, 
and  it  remains  the  major  avenue  of  treat¬ 
ment  for  most  patients.  Iron  overload 
alloimmunization,  hyjoertransfusion  regi¬ 
mens,  improved  blood  preserx'ation.  and 
techniques  for  transfusion  have  been 
addressed  bv  NHLBI-sponsored  projects. 

Among  the  most  important  therapeutic 
investigations  were  the  controlled  coopera¬ 
tive  trials  of  urea  and  alkali  instituted  in 
1974.  Although  both  agents  were  shown  to 
be  no  more  effectix'e  than  placebo,  the  tech¬ 
niques  developed  during  these  trials  for  the 
description  and  assessment  of  pain  and  the 
widespread  recognition  that  concurrent 
controls  were  ab.solutelv  es.sential  for  the 
evaluation  of  therapy  for  this  snbjective  dis¬ 
order  prox  ided  models  for  .sub.se(|uent  trials 
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Extracorporeal  hemodialysis 
device  once  used  in  the  treat¬ 
ment  of  sickle  cell  disease. 


in  this  area  in  the  United  States.  In  addi¬ 
tion,  many  of  the  professional  relationships 
forged  during  those  trials  led  directly  to  a 
cooperative  study  of  the  clinical  course  of 
the  disease. 

Although  urea  was  shown  to  be  inef¬ 
fective  in  vivo,  its  in  vitro  effects  led  to  the 
consideration  of  cvanate  as  a  form  of  treat¬ 
ment.  Early  studies  indicated  that  it  had  a 


potent  antisickling  effect,  which  was  later 
shown  in  kinetic  studies  to  result  both 
from  an  antigelation  effect  and  from 
increasing  the  oxygen  affinity  of  carbamvl- 
ated  sickle  cells.  Although  early  clinical 
trials  demonstrated  some  promise,  a  later 
controlled  trial  showed  no  benefit  at  the 
dosage  of  cyanate  used.  Higher  doses  of 
cyanate  were  precluded  by  the  description 
of  neurotoxicity  in  several  patients,  but 
since  the  drug  had  such  promise,  an  extra¬ 
corporeal  carbamylator  was  designed  based 
on  the  premise  that  treatment  would  be 


safe  if  cyanate  reacted  onlv  with  red  cells; 
virtually  no  unreacted  drug  was  returned 
to  the  patient.  By  combining  an  extracorpo¬ 
real  reactor  coil,  a  hemodialysis  device,  and 
appropriate  sampling  and  warning  systems, 
an  effective  carbamylator  was  built.  In  the 
end  its  use  did  not  prove  to  be  effective; 
however,  the  availability  of  this  instrumen¬ 
tation  may  be  useful  for  other  therapeutic 
approaches  in  the  future. 

Current  research  on  therapv  is  based 
on  strategies  that  have  been  suggested  from 
gelation  studies.  The  correlations  between 
gelation  and  clinical  severity  among  the 
different  genetically  distinct  sickling  disor¬ 
ders  indicate  that  it  will  not  be  necessaiy  to 
inhibit  gelation  completely  but  that  a  thera¬ 
peutic  effect  should  result  from  increasing 
the  delay  time  long  enough  to  allow  more 
cells  to  escape  the  microcircidation  and  be 
reoxygenated  in  the  lungs  before  gelation 
begins.  This  correlation  has  seiwed  as  a 
guide  for  determining  the  extent  of  inhibi¬ 
tion  necessary  to  obtain  a  specific  thera¬ 
peutic  effect.  The  residts  suggest  that  there 
are  at  least  three  viable  therapeutic  strate¬ 
gies:  blocking  intermolecular  contact  for¬ 
mation  in  the  polvmer,  decreasing  the  total 
hemoglobin  concentration,  and  promoting 
fetal  hemoglobin  production.  Contact  for¬ 
mation  can  be  interfered  with  either  by 
competitive  binding  of  an  inhibitor  at  a 
contact  site  on  the  molecular  surface  or  by 
changing  the  conformation  of  the  molecide 
in  the  region  of  the  intermolecidar  contact. 
A  number  of  promising  agents  have  been 
developed  based  on  the  results  of  gelation 
studies  and  structural  results  from  x-ray 
crvstallography.  The  total  hemoglobin  con¬ 
centration  can  be  decreased  either  by 
increasing  the  red  cell  volume  or  possibly 
by  decreasing  heme  biosynthesis  as  in  iron 
deficiency  anemia.  Because  of  the  enormous 
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sensitivity  ot  the  delay  time  to  intracellular 
concentration  of  hemoglohin,  small 
decreases  are  predicted  to  have  a  signifi¬ 
cant  therapeutic  effect.  A  preliminaiT  clin¬ 
ical  trial,  in  which  the  electrolyte  balance 
was  changed  so  that  extra  water  entered 
the  dwthrocytes  in  patients  treated  with 
desmopressin  acetate,  gave  promising 
results,  supporting  the  idea  that  producing 
swelling  of  red  cells  could  result  in  a 
clinical  benefit. 

The  strong  inhibitory'  effect  of  HhF  on 
gelation  has  pointed  to  increasing  F  cell 
production  as  a  means  of  therapy.  This 
work  began  with  a  systematic  study  of  fac¬ 
tors  governing  fetal  hemoglobin  synthesis 
in  baboons.  .Methvlation  of  DNA  is  believed 
to  he  a  signal  for  the  repression  of  fetal  pro¬ 
tein  s\nthesis.  This  information  led  to  the 
use  of  .5-azacytidine,  a  known  hypomethyl- 
ating  agent,  yvhich  residted  in  impressive 
increases  in  HhF  synthesis  in  anemic 
baboons.  Similar  effects  coidd  be  achieved 
in  patients,  but  clinical  efficacy  could  not 
be  assessed  because  of  potential  carcino¬ 
genicity  of  the  drug.  In  attempts  to  clarify 
azacytidine’s  mode  of  action,  it  yvas  show'u 
that  hyjromethylation  probably  was  not 
involved  and  suggestions  yvere  raised  that 
efficacy  might  be  related  to  the  drug’s 
cytostatic  properties.  If  that  yvere  true, 
other  cytostatic  drugs  also  should  be  effec¬ 
tive  in  stimulating  fetal  hemoglobin  syn¬ 
thesis — studies  in  animals  confirmed  this 
proposal.  Clinical  trials  shoyved  hydroxy¬ 
urea  stimulated  fetal  hemoglobin  produc¬ 
tion,  and  a  small  cooperative  study  of  the 
drug  to  determine  optimum  dosage  is  being 
organized.  Hydroxyurea  does  not  appear  to 
be  carcinogenic  but  the  trial  is  limited  to  a 


feyv  .severely  affected  patients  until  j^jatient 
safety  is  assured. 

Finally,  it  should  be  pointed  out  that 
marroyv  transplantation  and  genetic  engi¬ 
neering  may  play  a  significant  role  in  the 
treatment  of  sickle  cell  disease  in  the 
future.  If  sickle  red  cell  precursors  could  be 
replaced  by  normal  ones,  or  normal  globin 
genes  could  be  in.serted  into  the  patient’s 
genome,  the  disea.se  could  be  eliminated  in 
treated  persons.  Neither  technicjiie  is  ready 
for  application  in  sickle  cell  disease,  but 
basic  investigations  of  enthropoiesis  and 
gene  cloning  and  insertion  are  of  consider¬ 
able  interest  to  the  NHl^Bl.  As  yyith  studies 
of  more  conventional  antisickling  agents,  a 
broad  base  of  related  knoyvledge  is  an  abso¬ 
lute  prererpiisite  for  the  development  of 
effective  means  of  treatment. 

Cooley’s  Anemia  —  A  Model  for 
Molecular  Disease 

Follnyyang  Dr.  Cooley’s  description  of  the 
disease  that  bears  his  name,  major  aspects 
of  the  genetic,  clinical,  and  pathological 
features  of  this  hemoK'tic  anemia  became 
clear.  Nevertheless,  a  true  understanding  of 
what  was  at  the  root  of  the  pathophysiology’ 
emerged  only  as  a  result  of  Pauling’s  dis¬ 
cover’  in  1948  of  an  abnormal  hemoglobin 
in  sickle  cell  anemia  Although  sickle  cell 
anemia  differs  from  thalassemia  in  that  the 
defect  in  the  former  is  in  the  molecular 
structure  of  the  hemoglobin  molecule 
rather  than  in  its  amount  the  concept  that 
alterations  in  the  structure  of  a  protein 
or  in  the  regulation  of  its  synthesis  could 
be  invoked  in  the  genesis  of  pathology 
stimulated  others  to  begin  thinking  about 
thalassemia  as  a  molecular  di.sease. 

(^oolevs  anemia  and  other  disorders  of 
hemoglobin  structure  and  synthesis  have 
been  studied  in  great  depth.  These  diseases 
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(llobin  I’eiie  DNA  is  tran¬ 
scribed  into  precursor  messen- 
aer  RNA  in  the  cell  nucleus. 
After  translation  of  ruRNA 
into  globin  in  ciftoplasm.  a 
heme  prosthetic  fi^roup  is  added 
to  each  globin  chain,  and  a 
tetramer  of  al)>ha-like  anil  beta¬ 
like  globin  chains  forms  ma¬ 
ture  hemofjobin. 


lend  themselves  to  fundamental  investiga¬ 
tion  at  the  molecular  level  for  three  rea¬ 
sons.  First,  they  are  diseases  of  red  blood 
cells,  and  blood  can  be  obtained  easily  from 
a  patient.  Second  red  cells  make  large 
amounts  of  one  protein,  hemoglobin,  while 
most  other  cells  .svnthesize  significant 
(juantities  of  many  different  proteins.  Thus 
problems  in  the  production  of  hemoglobin 
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tend  not  to  be  masked  by  the  synthesis  of 
other  proteins.  Third  the  precursor  red 
blood  cell  matures  into  a  reticulocyte,  a  cell 
that  has  lost  its  nucleus  and  is  essentiallv  a 
“bag”  of  protein-synthesizing  machinery 
making  one  primaiy  product,  hemoglobin. 

The  relatively  small  group  of  patients 
with  Cooley  s  anemia  served  as  a  valuable 
resource  to  investigators  trying  to  under¬ 
stand  human  biology.  Patient  participation 
in  such  studies  led  to  major  advances  in 
our  understanding  of  the  control  of  gene 
e.xpression  in  humans.  In  turn,  the  funda¬ 
mental  knowledge  that  emerged  became 
critical  to  the  study  of  a  multitude  of  other 
disorders  of  abnormal  gene  function, 
including  diabetes,  cancer,  and  cardiovas¬ 
cular  disease. 

Basic  Molecular  and  Cellular  Studies 

Both  intramural  and  extramural  scien¬ 
tists  have  played  central  roles  in  research 
related  to  Cooley  s  anemia  and  hemoglobin¬ 
opathies.  The  origins  of  such  studies  can 
be  traced  clearly  to  the  elucidation  of  the 
genetic  code,  which  provided  the  first  clues 
to  the  structure  and  organization  of  genes. 

A  developing  interest  in  protein  synthesis 
and  its  application  to  the  study  of  patients 
with  Cooleys  anemia  followed.  Cell-free 
extracts  for  studying  the  .synthesis  of  hemo¬ 
globins  and  other  proteins  were  developed 
and  initiation  factors  were  identified 
characterized  and  purified. 

These  studies  laid  the  groundwork  for 
the  isolation  of  messenger  RNA  (mRNA), 
the  chemical  entity  responsible  for  carrying 
the  genetic  code  from  the  DNA  of  the  gene 
to  the  actual  synthesizing  machinery.  Fur¬ 
ther  characterization  of  these  messengers 
clearly  implicated  mRNA  as  being  defective 
in  thalassemia  patients.  As  the  technology 
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Prenatal  diagnosis  of  hemoglo¬ 
binopathies  has  been  aehiewd 
with  techniques  of  molecular 
biologij.  In  Southern  blotting 
analysis,  described  here,  DNA 
is  isolated  from  peripheral 
white  blood  cells  or  other  tis¬ 
sue  and  analyzed  to  detect  ge¬ 
netic  abnormalities 
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to  approach  these  aspects  of  genetic  disease 
developed,  such  findings  directed  the  atten¬ 
tion  ol  investigators  to  niRNA  metabolism 
and  gene  structure. 

In  1972,  the  hemoglobin  switching 
problem  began  to  be  a  topic  of  interest.  In 
the  sheep,  it  was  recognized  that  the  switch 
from  HbA  to  HbC  represented  a  switch  in 
“globin  gene”  e.xpression.  Further  study  of 
the  sheep  switching  model  led  to  an  under¬ 
standing  of  the  initial  phases  of  molecular 
switching.  This  information  was  applied 
using  the  then-novel  techniques  of  clonal 
hematopoietic  cultures,  to  reproduce  the 
switch  in  vitro.  These  efforts  culminated  in 
the  demonstration  that  immature  red  cells 
could  be  “committed”  bv  brief  differentia¬ 
tion  periods,  to  a  specific  pattern  of  globin 
gene  expression.  These  residts  formed  the 


basis  for  the  conclusion  that  modulation  of 
globin  gene  expression  occurs  within  the 
context  of  hematopoietic  stem  and  progeni¬ 
tor  cell  differentiation.  Another  major 
development  was  the  u.se  of  somatic  cell 
hvbrids  to  assign  the  globin  genes  to  indi¬ 
vidual  chromosomes  bv  teclmicpies  of 
molecular  analysis  and  studies  of  globin 
gene  e.xpression. 

Beginning  in  the  mid-I97()s,  studies  of 
hemoglobin  .switching  were  stimulated  fur¬ 
ther  by  an  NHLBI  initiative.  The  grants 
funded  under  that  program  soon  led  to  a 
major  effort  on  this  fundamental  biological 
problem.  These  efforts  developed  and 
refined  in  vitro  assays  for  the  study  of 
hemoglobin  switching.  The  early  obseiwa- 
tions  from  the  sheep  system  were  con¬ 
firmed  and  e.xtended  greatly  and  the 
fundamental  message  that  switching  is 
modulated  during  stem  and  progenitor  cell 
differentiation  has  been  confirmed. 

Study  of  the  switch  problem  led  to 
the  use  of  drugs  in  1982  to  enhance  fetal 
hemoglobin  sxiithesis.  Although  progress  in 
this  area  has  been  slow  during  the  past  5 
years,  this  effort  provides  a  major  opportu¬ 
nity  for  the  manipulation  of  gene  expres¬ 
sion  for  therapeutic  benefit.  Just  on  the 
horizon  is  the  ability  to  use  hematopoietic 
growth  factors  (e.g.,  erythropoietin  and/or 
interleukin-3),  alone  or  in  combination 
with  the  various  drugs  that  have  already 
been  employed  to  stimulate  IlbF  synthesis. 
The  ability  to  clone  gene  sequences  that  are 
complementary'  to  the  DNA  code  is  a  major 
accomplishment  that  paved  the  yvav  for 
complete  elucidation  of  the  genetics  of  the 
thalassemia  syndromes.  Refinement  of  the 
molecular  cloning  strategies  combined  yyith 
haplotvjie  analysis  using  restriction  enzyme 
polymorphisms  alloyved  investigators  to 
define  point  mutations  that  alter  globin 
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gene  expression.  This  methodology,  along 
with  the  ability  to  assay  gene  function 
quickly  in  tissue  culture  cells,  led  to  a  com¬ 
plete  elucidation  of  these  defects.  Other 
contributions  led  to  improyed  prenatal 
diagnosis  and  to  the  molecular  characteri¬ 
zation  of  the  thalassemias. 

In  recent  years,  a  mouse  model  for 
Cooley’s  anemia  has  been  deyeloped  and 
these  thalassemic  mice  are  being  used  to 
examine  methods  for  the  selectiye  introduc¬ 
tion  of  genes  into  bone  marrow  cells  using 
strategies  that  may  be  clinically  applicable. 
As  noted  earlier,  a  primate  model  is  ayail- 
able  to  inyestigate  the  potential  of  yarious 
drugs  for  manipulating  fetal  hemoglobin 
sviithesis.  The  ayailability  of  such  models 
allows  drugs  to  be  tested  in  combination 
with  newly  ayailable  substances  that  regu¬ 
late  the  formation  and  deyelopment  of 
blood  cells.  These  regulatory  growth  factors 
haye  been  produced  by  biotechnology  firms 
using  recombinant  DNA  techniques  and 
are  almost  ready  for  clinical  trials. 

Future  steps  in  combating  Cooley’s 
anemia  will  include  gene  therapy,  the  inser¬ 
tion  of  normal  beta-globin  genes  into  the 
blood-prodncing  bone  marrow  cells  of 
patients.  For  the  moment  howeyer,  interest 
in  gene  therapy  has  shifted  to  iiwestiga- 
tions  of  single-gene  enzyme  deficiency 
disease.s,  such  as  seyere  combined  immuno¬ 
deficiency  disease,  which  pose  less  complex 
problems  of  regidation.  Neyertlieless,  the 
NULBI  continues  to  promote  this  area  of 
research  and  currently  supports  a  program 
entitled  “Regulation  of  the  Cloned  Human 
Beta-Clobiu  Gene,”  in  which  scientists  are 
im  estigating  a  yariety  of  recombinant  DNA 
techniques  to  transfer  and  regulate  normal 
human  beta-globin  genes  in  bone  marrow 


cells  in  culture  and  in  liye  animals.  They 
are  optimistic  that  on  completion  of  this 
program,  it  may  be  possible  to  formulate 
human  gene  therapy  protocols  for  Cooley’s 
anemia. 

Clinical  Research  and  Therapy 

Inasmuch  as  genetic  interyention  at  the 
molecular  leyel  is  a  possibility  only  for  the 
distant  future,  what  is  required  urgently  in 
the  meantime  are  improyed  therapies  for 
the  clinical  management  of  patients  with 
Cooley’s  anemia.  Blood  transfusions  haye 
been  utilized  for  alleyiating  the  seyere  ane¬ 
mia,  but  the  repeated  transfusion  of  red 
cells  introduced  massiye  amounts  of  iron 
into  the  body,  which  was  deposited  in  yital 
organs.  As  a  result  of  the  deleterious  effects 
of  iron,  death  inyariably  occurred  by  the 
teenage  years  or  early  twenties.  An  iron 
clielating  (binding)  drug,  deferoxamine, 
was  ayailable  to  treat  acute  iron  poisoning, 
and  it  was  suggested  that  this  drug  might 
be  useful  for  treating  chronic  iron  oyerload. 
The  NHLBI  initiated  a  program  entitled 
“Improyed  Methods  for  the  Clinical  Man¬ 
agement  of  Thalassemia”  to  encourage 
inyestigators  to  study  the  efficacy  of 
deferoxamine  in  the  treatment  of  chronic 
iron  oyerload  and  to  deyelop  better  transfu¬ 
sion  techniques  to  improye  the  clinical  sta¬ 
tus  of  patients.  This  effort  was  followed  by 
a  second  effort  seyeral  years  later  on  the 
same  subject.  Implementation  of  these  pro¬ 
grams  was  made  possible  when  the  sole 
supplier  of  deferoxamine  agreed  to  proyide 
this  extremely  costly  drug  free  to  NHLBI 
grantees  and  intramural  scientists  engaged 
in  these  studies. 
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Technician  using  a  supercon¬ 
ducting  quantum  interference 
device  (SQUID),  the  prototype 
of  a  newly  developed  device  to 
measure,  noninvcisively,  the 
amount  of  iron  stored  in  the 
liver 


A  Cooley's  anemia  patient 
receiving  red  blood  cell 
transfusion. 


Deferoxamine  given  snhcntaneously  to 
patients  resulted  in  a  negative  iron  balance. 
There  was,  however,  the  need  to  determine 
whether  deferoxamine  wonld  prevent 
cardiac  damage  in  children  who  began 
therapv  before  significant  iron  buildup  had 
occurred  and  whether  deferoxamine  ther¬ 
apv  would  extend  the  lifespan  of  patients. 
Further  studies  ultimateK  led  to  the  licens¬ 
ing,  bv  the  Food  and  Drug  Administration, 
of  deferoxamine  and  of  a  portable  infusion 
pump  used  to  administer  the  drug,  both 
of  which  were  tested  under  Nf  ILBf  s  pro- 
gram.s.  The  noninvasive  SQUfF)  technif|ue 
was  developed  for  magnetically  measuring 
the  extent  of  iron  accumulation  in  the  liver. 
This  instrument  has  been  helpful  in  moni¬ 
toring  iron  status  aud  in  identif\ing  those 
patients  who  recjuire  more  aggressixe  ther¬ 
apy  because  thex’  are  at  risk  of  serious 
organ  damage.  Programs  xx-ere  begun 
for  performing  similar  measurements 
on  the  heart. 


fn  a  similar  fashion,  innoxatixe 
approaches  to  transfusion  therapv  haxe 
been  established.  1  Ixpertransfnsion  therapv 
xxas  shoxxm  to  halt  the  ineffectixe  produc¬ 
tion  of  the  patients  red  blood  cells,  xxhich 
ameliorated  the  occurrence  of  facial  and 
other  bone  deformities  that  resulted  from 
the  expansion  of  bone  marroxv  cax  ities.  In 
addition,  hxpertransfusion  xvas  shoxxii  to 
decrease  the  requirement  tor  transfirsed 
blood  bv  shrinking  the  total  blood  xolnme 
xxithin  the  patient  s  bodx'.  This  diminished 
requirement  for  transfused  blood  also 
decreased  the  rate  of  toxic  iron  accumula¬ 
tion.  Methods  xx'ere  dex'eloped  to  separate 
the  x’oungest  fraction  of  a  donors  red  cells, 
and  these  “neoextes"  xvere  shoxxai  to  last 
longer  than  xvhole  blood  xvhen  transfused 
into  patients,  thus  restdting  in  a  decreased 
recpiirement  for  transfused  blood  and  a 
decrease  in  iron  buildup.  Serious  inquiries 
into  the  cardiac  evaluation  of  Coolevs  ane¬ 
mia  patients  xvere  begun,  and  important 
information  regarding  endocrine  and 
organ  function  xvas  obtained. 
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A  minijmmi)  delivering  the 
dnifi,  deferoxamine,  to  a 
Coolei/ s  anemia  /latient. 


It  now  appears  likely  that  deferox¬ 
amine  treatment  will  prevent  or  delay  the 
onset  of  cardiac  disease  caused  by  iron 
overload.  This  outcome  appears  to  he  espe¬ 
cially  apparent  in  patients  who  use  the 
drug  regularly.  Recent  unpublished  data 
suggest  that  optimally  treated  patients 
survive  significantly  longer  than  before 
the  current  transfusion  and  chelation 
programs  began. 

Bone  marrow  transplantation  holds 
promise  for  curing  several  disorders, 
including  Cooley’s  anemia.  Although 
bone  marrow  transplantation  has  been 
attempted  in  this  coiintiw  on  a  very  limited 
scale  with  mixed  success,  in  Italy,  England 
and  Israel,  the  procedure  has  been  used 
more  extensivelv — about  150  transplants 
had  been  performed  by  the  end  of  1986. 
The  major  problems  that  prevent  more 
widespread  use  of  bone  marrow  transplan¬ 
tation  are  graft  rejection,  the  likelihood  of 
developing  graft-vs-host  disease  (where  the 
graft  rejects  the  host),  and  the  unavailalril- 
ity  of  suitable  donors.  Research  in  bone 
marrow  transplantation  using  matched 
family  members,  nonidentical  family  mem¬ 
bers,  and  unrelated  donors  continues  to  be 
supported.  Various  approaches  for  control¬ 
ling  or  eliminating  graft-vs-host  disease 
using  immunosuppressive  drugs  and  mono¬ 
clonal  antibody  depletion  of  donor  T  cells, 
the  cells  of  the  immune  system  responsible 
for  rejection  reactions,  continue  to  be 
investigated. 

Education  and  Prevention  Efforts 

The  NHLBI  has  been  keenly  aware  of  the 
importance  of  education  and  prevention 
programs  for  Ct)olevs  anemia.  In  1980, 
with  the  help  and  cooperation  of  tlie 
Coolevs  Anemia  Foundation,  the  NHLBI 
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produced  two  prevention  hroclinres, 
“Cooleys  Anemia:  Prevention  Through 
Understanding”  and  “Coolevs  Anemia:  Pre¬ 
vention  Through  Testing."  Ilnndreds  of 
thousands  of  these  brochures  were  distrib¬ 
uted  to  schools,  church  groups,  and  civic 
and  ethnic  organizations.  The  interest  that 
was  generated  sparked  the  beginning  of 
local  screening  programs  and  created  an 


Data  from  the  World  Health 
Organization  illustrate  thefidl 
in  the  thalassemia  major  birth 
rate  in  five  programs 


awareness  of  Cooley’s  anemia  and  its 
prevention  in  the  Italian  and  Greek 
communities. 

It  is  becoming  clear  that  these  efforts 
are  beginning  to  vield  encouraging  results. 
The  World  Health  Organization  has  re¬ 
ported  marked  decreases  in  the  incidence 
of  Coolevs  anemia  in  several  conntrie.s, 
including  England  Greece,  Italy,  and 
Cvprns.  Similar  trends  are  being  noted  in 
the  United  States  and  Canada.  Data  from 
the  12  medical  centers  that  provide  care  for 


the  majoritv  of  Coolevs  anemia  patients 
indicate  that  22  percent  of  the  patients 
were  below  the  age  of  5  years  in  1973,  com¬ 
pared  with  only  11  percent  in  1985.  This 
striking  decrease  in  the  number  of  vonng 
patients  is  attributed  to  a  decrease  in  the 
incidence  of  new  cases.  According  to  census 
data  for  (x)nnecticnt,  this  decrease  has 
occurred  in  spite  of  a  sharp  increase  in 
the  Greek  and  Italian  populations  and  no 
significant  changes  in  the  number  of 
marriages  involv  ing  at-risk  couples.  It  rea¬ 
sonably  can  be  concluded  that  changes  in 
the  reproductive  behavior  of  at-risk  couples 
account  for  this  decrease  in  new  cases. 

The  NHLBI  is  proud  of  the  great 
strides  that  have  been  made  in  improving 
the  quality  of  life  of  patients  wath  Coolev  s 
anemia.  These  advances  are  attributable,  in 
part,  to  the  special  relationship  and  cooper¬ 
ation  shared  bv  the  NIILBI,  the  National 
Coolevs  Anemia  Foundation,  and  the 
American-IIellenic  Progressive  Educational 
Associations  Coolevs  Anemia  Foundation. 
Additionallv,  NIILBI  has  made  a  special 
effort  to  obtain  advice  from  the  scientific 
communitv.  An  e.xpert  panel  was  convened 
in  1978  and  provided  a  report  entitled 
“Assessment  of  Coolev  s  Anemia  Research 
and  Treatment.”  This  publication  identified 
important  needs  in  patient  care  and 
research  and  served  to  guide  the  NIILBI 
in  setting  priorities  and  implementing 
programs.  These  recommendations  were 
updated  bv  a  similar  panel  in  1982. 

A  major  effort  is  underway  to  produce 
a  comprehensive  report  of  basic  research, 
the  clinical  course  of  Cooley  s  anemiii 
therapy  and  management,  epidemiologv; 
psychosocial  aspects,  resource  needs,  and 
recommendations  for  future  directions  in 
research  to  guide  NHLBI  into  the  199().s. 

Ainoz  I.  Chernoff.  MD 
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Surgical  procedures  account  for 
approximately  60  percent  of 
the  blood  used  in  this  country 
annually 


The  National  Heart  Institute 
established  the  National  Blood 
Resouree  Program  in  1967.  The 
program  was  based  on  the  prinei- 
ple  that  donor  blood  should  be 
treated  as  a  national  resouree. 
There  were  many  discernible 
problems  in  blood  services  that 
appeared  to  be  resolvable  through 
basic  and  applied  research.  No 
agencies  in  the  private  sector, 
however,  were  in  a  position,  either 
financially  or  organizationally,  to 
carry  out  the  multifaceted  na¬ 
tional  research  program  that 
would  be  required. 


Some  of  the  perceptions  that  moti¬ 
vated  the  founding  of  the  National  Blood 
Resource  Program  were: 

•  Blood  transfusion  is  a  therapeutic  mea¬ 
sure,  sometimes  lifesax  ing,  for  which  there 
is  no  substitute  in  patients  with  acute 
blood  loss. 

•  Blood  transfusion  always  exposes  the 
recipient  to  certain  risks. 

•  Disease  transmission,  particularly 
hepatitis,  was  a  frecjuent  secjuel  to  blood 
transfusion. 

•  Blood  transfusion  was  administered  far 
too  often  wdth  little  or  no  valid  therapeutic 
need  thus  exposing  the  recipient  to  wholly 
unneces.sarv  risks. 


•  Whole  blood  was  commonly  used  in 
clinical  situations  where  only  a  particular 
component  was  indicated  thus  not  only 
exposing  the  recipient  to  unnecessary  risks 
but  also  wasting  components  needed  by 
other  patients. 

•  The  blood  banking  system  was  not  pro¬ 
ducing  components  vitally  important  in  the 
treatment  of  patients  suffering  from  hemo- 
philici,  leukemia,  and  certain  other  diseases. 

•  There  was  no  blood  data  system  with 
which  to  assess  the  supply  of  and  demand 
for  Irlood  and  its  components. 

•  There  were  intermittent  shortages  of 
donor  blood  and  wastage  of  as  much  as 
2.5  percent  through  outdating  and 
maldistribution. 

•  There  were  no  coordinated  efforts  among 
various  voluntary,  industrial  and  govern¬ 
mental  agencies  involved  in  managing  the 
blood  supply. 

Coordinating  Research  Efforts 

Considerations  such  as  these,  as  w'ell  as 
many  others,  pro\  ided  the  basis  for  the 
National  Heart  Institute’s  decision  to  estab¬ 
lish  a  centrally  coordinated  program  of 
research  related  to  blood  resources.  The 
Institute  irsed  the  contract  mechanism  in 
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acknowledgment  of  the  need  for  a  goal- 
oriented  approach  to  encourage  and  mobi¬ 
lize  the  research  resources  that  existed  and 
those  that  could  be  developed  in  universi¬ 
ties,  voluntaiy  agencies,  industry,  and 
government. 

While  the  problems  were  many  and 
varied  there  was  reason  for  optimism  that 
they  could  be  resolved  through  coordinated 
research  efforts.  Some  problems  would 
require  the  stimulation  of  basic  science 
studies  for  a  solution,  some  data  gathering, 
some  applied  developmental  work,  and 
others  institutional  arrangements.  For 
instance,  it  was  believed  that  the  problems 
of  wastage  in  the  face  of  local  and  national 
blood  shortages  coidd  be  alleviated  by  sys¬ 
tematization,  regionalization,  and  coopera¬ 
tion  among  Idood  handling  agencies, 
although  such  efforts  would  require  a  thor¬ 
ough  system  analysis.  The  most  serious 
risk  of  transfusion  was  transmission  of 
viral  hepatitis,  but  prevailing  research 
approaches  held  little  promise  that  hepati¬ 
tis  carriers  could  be  identified  and  elimi¬ 
nated  from  the  donor  pool.  Additional 
encouragement  and  support  were  needed  in 
the  area  of  virological  research  to  address 
this  serious  problem. 

Furthermore,  blood  bank  specialists 
had  recognized  for  some  time  that  there 
were  not  enough  professionals  to  manage 
the  increasingly  complex  needs  of  transfu¬ 
sion  medicine.  Thus  an  ongoing  need  was 
realized  to  train  more  scientists,  managers, 
and  allied  health  professionals  in  the  intri¬ 
cacies  of  product  development  and  appro¬ 
priate  blood  use. 

Blood  component  therapv,  the  practice 
of  using  only  that  specific  cellular  or  plasma 
component  needed  by  the  recipient,  was 


not  yet  widely  practiced.  Furthermore,  the 
pharmaceutical  industry  was  producing 
serum  albumin  from  donor  blood  with  the 
red  cells,  white  cells,  platelets,  and  plasma 
components,  such  as  antihemophilic  factor, 
almost  totally  wasted  in  the  manufacturing 
process.  The  therapeutic  value  of  platelet 
transfusion  in  leukemia  and  certain  other 
forms  of  cancer  was  only  beginning  to  be 
recognized  and  the  means  of  producing  and 
preseiwing  platelet  concentrates  had  not 
been  perfected.  Although  it  was  known  that 
the  severe  hemorrhagic  crises  suffered  by 
many  hemophilia  patients  were  caused  by 
insufficient  quantities  of  a  specific  coagula¬ 
tion  factor  in  their  blood,  the  methods  for 
isolating  it  from  normal  donor  blood  for 
subsequent  supplementation  therapy 
were  not  available.  The  techniques  of 
mamdacturing  had  to  be  developed,  the 
effectiveness  and  safety  of  the  product 
demonstrated  the  quantitative  need 
assessed  and  the  blood  handling  agencies 
and  practicing  physicians  educated  in 
its  use. 

Changing  Concepts  in  Transfusion 
Medicine 

In  the  20  years  since  the  inception  of  the 
National  Blood  Resource  Program,  many 
changes  have  occurred — organizational 
changes,  scientific  progress,  and  a  new 
mode  of  operation  for  the  entire  system  of 
transfusion  medicine.  The  National  Blood 
Resource  Program  grew  rapidly  and 
became  the  Division  of  Blood  Diseases  and 
Resources  in  1972,  one  of  the  four  current 
programmatic  Divisions  of  the  National 
Heart  Lung,  and  Blood  Institute  (NHLBI). 
Other  important  organizational  changes 
also  occurred  throughout  the  country.  The 
American  Red  Cross,  traditionallv  a  service 
organization,  established  a  research  labora- 
torv  with  major  capabilities  in  both  basic 
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About  eight  million  donors  ivill 
donate  approximately  thirteen 

milium  units  of  blood  in  the  research  relevant  to  transfu- 

U.S  in  1987  medicine.  The  three  national  blood 

seiA'ice  organizations,  the  American  Ked 
Cross,  the  American  Association  of  Blood 
Banks,  and  the  Council  of  Commnnitv 
Blood  Centers,  became  more  and  more 
inflnential  in  developing  policies,  consen¬ 
sus,  and  educational  mechanisms  for 
informing  and  instructing  both  producers 
(blood  bankers)  and  consumers  (practicing 
phvsicians)  about  rapidlv  evok  ing  technol¬ 
ogies  and  appropriate  uses  of  blood  compo¬ 
nents  and  blood  products.  In  large  measure 
because  of  efforts  bv  the  NHLBI,  new 
research  facilities  were  establishecf  and 
new  scientific  personnel  entered  the  field. 
Programmatic  thrusts  were  initiated  that 
led  to  Specialized  Centers  of  Research  in 
transfusion  medicine.  National  Research 
and  Demonstration  Centers,  and  a  unique 
training  program  referred  to  as  the  Trans¬ 
fusion  Medicine  Academic  Award.  The  idea 


became  acceptt'd  that  donor  blood  is  a 
national  resource  and  if  managed  properlv, 
could  improve  the  economv,  safetv,  and  vdfi- 
cacy  of  the  blood  snpplv  and  extend  its 
benefits  to  a  larger  number  and  varietv  of 
patients  than  prex  iouslv  conceived. 

In  1973,  the  Department  of  Health, 
Education,  and  Welfare  promulgated  the 
National  Blood  Policv  embodxing  general 
principles  upon  which  a  national  program 
should  be  built,  and  the  American  Blood 
Commi.ssion  was  established  to  oversee 
implementation  of  the  policv.  The  NHLBI 
was  designated  as  the  lead  agenev  to 
encourage  wide  acceptance  of  the  National 
Blood  Policv  by  supporting  and  binding 
specific  efforts  of  the  Commission.  This 
body  is  composed  of  representatives  of  the 
major  blood  handling  agencies  and  of  sev¬ 
eral  interested  consumer  groups.  It  carries 
on  a  continuing  surx'eillance  of  blood  han¬ 
dling  svstems,  conducts  seminars,  and 
makes  recommendations  for  modifications. 
The  Commission  pro\  ides  a  fornm  wherein 
consensus  and  cooperation  can  be  achieved. 

In  anv  scientific  endeax'Oi;  progress 
emanates  from  the  efforts  of  manv  indi\id- 
uals.  Each  contribution  becomes  a  building 
block  in  the  total  edifice;  each  is  dependent 
on  the  work  of  others;  and  each  prox  ides  a 
new  level  upon  which  others  mav  build. 

Since  1967  there  has  been  spectacular 
success  in  improving  the  safetv,  efficiency, 
and  availability  of  blood  blood  compo- 
nent,s,  and  blood  products.  Major  changes 
that  have  occurred  o\'er  the  past  20  vears 
include  serendipitous  adxances  and  spin¬ 
offs  as  w'ell  as  progress  resulting  from  care- 
fullv  planned  programs.  Eor  example,  basic 
studies  of  enthropoietin.  a  substance  in 
blood  that  stimulates  the  protlnction  of  red 
cells  in  bone  marrow,  have  led  to  its  clin¬ 
ical  application  in  the  treatment  of  the  ane¬ 
mia  of  chronic  kidnev  di.sease.  It  now 
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appears  that  one  of  the  major  demands  for 
donor  Idood  mav  be  reduced  drastically  and 
that  these  patients  no  longer  need  be 
exposed  to  the  multiple  risks  of  hepatitis 
and  other  diseases  transmitted  by  blood 
transfusion. 

Considering  the  risks  involved  it 
wonld  appear  that  any  efforts  to  reduce  the 
transfusion  of  blood  and  blood  components 


Bar  coding  and  eornputerizci- 
tkm  facilitate  distribution  of 
blood  and  blood  components 
and  reduce  the  potential  for 
error. 


would  be  beneficial.  Yet,  the  benefits  of 
transfusion  in  terms  of  saving  lives  and 
restoring  health  are  very  great.  Although 
significant  effort  is  underway  to  develop 
and  test  artificial  blood  substitutes,  such 
products  are  still  in  the  experimental  stages 
of  development  and  not  yet  ready  for  clin¬ 
ical  use  in  humans.  The  best  policy  at  pres¬ 
ent  is  to  use  transfusion  only  when  it  is 
specifically  indicated  and  never  as  a  general 
supportive  measure;  to  use  only  that  frac¬ 
tion  or  component  for  which  the  patient 


needs  replacement;  to  strive  by  all  available 
means  to  identify  and  reduce  the  various 
elements  of  risk;  and  to  build  a  service  sys¬ 
tem  or  systems  that  will  provide  adequate 
amounts  of  high  quality  blood  and  blood 
components  at  reasonable  cost  and  where 
needed. 

Blood  Resource  Management 

Great  strides  have  been  made  toward  ful¬ 
filling  all  of  these  goals.  One  of  the  impor¬ 
tant  activities  of  the  American  Blood 
Commission  was  the  establishment  of  the 
National  Blood  Data  center,  which  provides 
information  on  trends  in  the  blood  collec¬ 
tion  and  distribution  system  and  informa¬ 
tion  necessary  for  evaluating  progress, 
assessing  needs,  and  planning  new  empha¬ 
ses.  Another  important  activity  has  been 
the  development  of  guidelines  for  regionali¬ 
zation,  which  is  defined  as  the  organization 
of  blood  service  units  into  geographically 
integrated  areas  to  improve  resource  man¬ 
agement,  donor  recruitment,  and  inventory 
control. 

The  increased  sophistication  of  inven¬ 
tory  control  in  regional  centers,  made  possi¬ 
ble  by  computerization,  has  residted  in  a 
substantial  reduction  of  wastage  through 
outdating  in  this  countiy.  In  regional  cen¬ 
ters,  blood  can  be  distributed  and  redistrib¬ 
uted  among  user  hospitals  providing  the 
advantages  of  both  immediate,  onsite  avail- 
abilitv  and  timely  identification  of  addi¬ 
tional  supplies  of  specific  types  within  the 
region.  In  effect,  a  unit  of  blood  is  given 
maximal  exposure  to  potential  users  during 
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Blood  bank  nurse  supervisor 
processing  red  blood  cells  for 
transfusion. 


Technicians  .separating  individ¬ 
ual  blood  components 


its  shelf  life.  Reduction  in  wastage  obvi¬ 
ously  means  that  the  need  for  unit  dona¬ 
tions  will  he  reduced  and  that  the  limited 
blood  supply  will  be  used  more  effectively. 

Another  development  of  perhaps  even 
greater  impact  has  been  the  e.xtension  of 
the  shelf  life  of  blood  from  the  traditional 
21  davs  to  35  davs  as  a  result  of  improve¬ 
ments  in  preservative  solutions.  Again, 
improvements  such  as  these  increase  the 
probability  that  a  given  unit  of  blood  will 
be  utilized. 

Blood  Component  Therapy 

A  radical  change  in  the  economy  of  blood 
used  during  the  past  20  years  has  been  the 
introduction  and  expanded  use  of  blood 
components  rather  than  wiiole  blood.  Prior 
to  1967,  the  great  majority  of  donor  blood 
was  used  for  whole  blood  transfusions  in  a 
variety  of  surgical  and  medical  situations  in 
which  restoration  of  the  recipient’s  red  cell 
mass  was  desired.  Now,  it  is  widely  recog¬ 
nized  that  this  objective  is  served  by  giving 
the  patient  onl\’  the  red  cells  that  have  been 
separated  from  plasma  The  prevailing 
opinion  is  that  there  are  few  clinical  indica¬ 
tions  in  which  the  use  of  whole  blood  is 


preferable  to  red  cells  alone.  E.xceptions,  of 
course,  w'onld  be  cases  in  which  the  need  is 
so  emergent  that  there  is  no  time  for  the 
separation  of  blood  into  components  or  in 
which  immediate,  large-volnme  replace¬ 
ment  is  indicated  for  patients  w'ho  are 
bleeding  e.xtensiv'elv.  Although  whole  blood 
still  is  transfused  in  some  places,  the  prac¬ 
tice  has  declined  significantly  in  this 
conntrx'. 

The  separation  of  red  cells  from 
plasma  and  cellular  elements  provides  a 
large  resource  from  which  to  obtain  other 
therapenticallv  useful  elements.  Prior  to 
1967,  the  only  product  utilized  on  a  signifi¬ 
cant  scale  w'as  albumin,  which  w'as  pre¬ 
pared  bv  the  pharmaceutical  industry  from 
either  outdated  bank  blood  or  blood  pur¬ 
chased  specifically  for  albumin  production. 
W’ith  the  discoN'erv  that  a  potent  antihemo¬ 
philic  factor  concentrate  coidd  be  prepared 
from  fresh-frozen  plasnici,  new  impetus  was 
given  to  the  practice  of  plasma  fractiona¬ 
tion,  w'hich  offered  the  advantage  that  an 
individual  unit  of  blood  coidd  be  used  to 
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Over  four  million  platelet  con¬ 
centrates  will  be  transfused  in 

provide  red  eells  for  one  patient  and  the 
missing  clotting  factor  for  the  treatment  of 
another  patient.  Almost  simnltaneonsly, 
methods  were  developed  in  nniversitv  and 
pharmaceutical  company  laboratories  to 
produce  antihemophilic  factor  from  plasma 
pooled  from  many  donors,  thus  yielding 
large  quantities  of  concentrate  of 
standardized  potency. 

Other  applications  of  component 

Donor  undergoing  continuous-  therapy  followed.  It  was  demonstrated  that 

flow  plateletaphcresis  often  fatal  hemorrhaging  of  leukemia 

patients  coidd  be  controlled  by  the  transfu¬ 
sion  of  blood  platelets  concentrated  from 
donor  blood.  At  first,  it  was  necessary  to 
use  the  platelets  within  24  hours  after 
blood  donation  because  these  fragile  cells 
deteriorated  rapidly  during  storage.  How¬ 
ever,  improvements  in  methodology  have 
made  it  possible  to  store  platelets  for  as 
long  as  5  days.  It  was  observed  however, 
that  platelet  transfusions  were  not  always 
effective  and  that  the  platelet  destruction 
obseiwed  in  the  recipient’s  circidation  was 
caused  by  platelet  alloimmunization.  As  a 
result  of  these  observations,  donor-recipient 
matching  was  introduced  and  although 
large  numbers  of  matched  donors  are  not 


easily  found  an  individual  donor  can  pro¬ 
vide  more  than  adequate  amounts  of  plate¬ 
lets  for  a  matched  recipient.  Apheresis 
technicjues  have  been  developed  that  pro¬ 
vide  the  means  of  ol)taining  sufficient 
quantities  of  platelets  from  individual 
donors.  In  this  procedure,  the  donor’s  blood 
passes  through  a  closed  extracorporeal  cir¬ 
cuit  and  is  centrifuged;  selected  cells  are 
harvested  and  the  remaining  elements  are 
returned  to  the  donor.  This  new  technology 
ushered  in  a  new  era  of  component  therapy. 
Concentrates  of  specific  cells  or  plasma 
now  are  easily  obtained  and  available  for 
specific  clinical  needs  with  tremendous 
cost  savings. 

Blood  Substitutes 

During  the  past  decade,  research  on  artifi¬ 
cial  blood  substitutes  has  focused  primarily 
on  oxygen-cariying  red  cell  substitutes, 
namely,  perfluorochemical  emulsions  and 
hemoglobin  solutions.  Blood  substitutes 
offer  many  advantages  over  natural  blood 
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HLA  ti/pe  of  a  hone  nuirrow 
donor 


Automated  blood  ti/ping  re¬ 
duces  the  possibility  of  human 
error. 


products.  Patients  who  require  rare  Idood 
t\pes  that  are  not  readily  available  would 
be  able  to  rely  upon  artificial  preparations. 
Similarly  artificial  preparations  would  be 
e.xtremelv  useful  in  times  of  disaster 
because  they  would  not  require  tvqoing, 
could  be  stored  in  large  (juantities  for 
extended  periods  of  time,  and  woidd  be 
free  of  infectious  agents.  Also,  for  therapeu¬ 
tic  procedures  in  which  large  volumes  of 
blood  are  used,  an  artificial  substitute 
would  conseiwe  natural  blood  and  its  com¬ 
ponents  for  other  critical  needs.  While  the 
N  H  LBI  has  supported  the  synthesis  and 
screening  of  new  perfluorochemical  com¬ 
pounds  and  the  development  of  knowledge 
concerning  the  physiological  consequences 
of  partial  and  total  blood  replacement,  a 
clinically  useful  perfluorochemical  prepara¬ 
tion  continues  to  be  a  goal  for  the  future. 
Studies  are  in  progress  on  the  use  of 
stroma-free  hemoglobin  solutions  as  blood 
substitutes,  including  an  evaluation  of 
“neohematocvtes”  that  are  composed  of 
hemoglobin  molecules  encapsulated  in  lipid 
membranes.  Scientists  have  investigated  the 
use  of  perfluorochemicals  for  therapeutic 
interventions  other  than  acute  blood  loss. 
Such  efforts  include  the  use  of  perfluoro¬ 
chemical  preparations  in  organ  perfusion 
and  preservation,  magnetic  resonance  imag¬ 
ing,  and  a  variety  of  basic  research  investi¬ 
gations.  Also,  results  from  human  clinical 
trials,  in  which  these  compounds  have 
been  used  to  sensitize  solid  tumors  prior  to 
irradiation  and  as  an  adjunct  to  coronarv' 
angioplasty  have  been  e.xtremelv  encourag¬ 
ing.  Artificial  blood  substitutes  have  thus 
progressed  from  what  was  only  an  idea  over 
a  decade  ago  to  a  potential  clinical  reality 
Other  strategies  for  the  more  economical 
use  of  the  national  blood  resource  have 
involved  studies  on  how  to  improve  blood 
bank  management  donor  recruitment  and 
donor  motivation. 


Safety  of  Transfusion  Therapy 

Thus  far,  we  have  been  concerned  with 
the  economy  and  adequacy  of  the  blood 
resource.  Another  great  concern  is  safety  In 
transfusion  medicine,  there  are  many  possi¬ 
ble  sources  of  risk  to  the  blood  recipient 
incinding  bacterial  contamination  of  blood 
during  processing,  intoxication  of  blood 
with  materials  used  during  processing, 
mismatching  of  blood  clerical  error,  and 
physical  damage  to  blood  during  storage. 
However,  the  most  important  and  difficult 
problem  is  the  transmission  of  infectious 
diseases  from  donor  to  recipient.  The  prin¬ 
cipal  diseases  known  to  be  transmitted  bv 
blood  transfusion  are  sx'j^hilis,  malariii  and 
viral  diseases,  such  as  the  various  forms  of 
hepatiti.s,  acquired  immunodeficiencv  s\m- 
drome  (AIDS),  and  cvtomegalovirus  infec¬ 
tion.  The  first  two  disorders  are  controlled 
to  a  satisfactory  degree  bv  the  careful 
screening  of  donors  bv  medical  historx-  and 
serologic  testing.  The  x  iral  diseases,  how¬ 
ever,  have  proved  to  be  much  more  difficult 
to  detect  because  the  potential  donor  is 
often  a  normal  or  “silent"  carrier  of  the 
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virus.  During  the  late  1960s,  virus  re¬ 
searchers  identified  hepatitis  B,  the  agent 
responsible  for  serum  hepatitis.  In  the  years 
that  followed  this  discovery  a  number  of 
strategies  were  employed  to  deal  with  the 
problem.  Researchers  worked  to  deyelop 
tests  to  detect  hepatitis  B  yiral  antigen  in 
blood,  produce  hyperimmune  globidin  for 
therapeutic  trials,  deyelop  methods  to 
remoye  yirus  from  blood,  assess  the  yalue 
of  hyperimmune  globidin  in  the  preyention 
of  hepatitis  in  those  accidentally  exposed, 
and  study  the  natural  histoi-y  of  the  disease 
in  prospectiye  clinical  trials.  The  preya- 
lence  and  yariety  of  epidemiologic  charac¬ 
teristics  of  the  disease  were  displayed 
dramatically  in  a  controlled  study  in  which 
heart  surgery  patients,  who  required  multi¬ 
ple  units  of  blood  were  randomized  to 
receiye  either  yolunteer  blood  from  NIH 
employees  or  blood  purchased  from  a  com¬ 
mercial  bank  operating  in  a  low-income 
area.  More  than  50  percent  of  the  recipients 
who  receiyed  commercial  blood  deyeloped 
eyidence  of  yirus  transmission,  whereas 
none  of  the  recipients  of  yolunteer  blood 
became  infected. 

By  the  early  197()s,  reliable  serologic- 
tests  for  mass  screening  of  donors  were 
licensed  and  introduced  into  all  blood 
banks.  It  appeared  that  the  problem  of  hep¬ 
atitis  transmission  by  blood  transfusion 
would  be  resolyed  by  eliminating  donors 
who  tested  positiye  for  the  presence  of 
the  yirus. 

In  the  late  1970s,  a  yaccine  was  pre¬ 
pared  and  shown  to  be  effectiye  in  the  pre¬ 
yention  of  tvqie  B  hepatitis,  a  significant 
achieyement  of  great  public  health  impor¬ 
tance.  Unfortunately,  howeyer,  it  became 
apparent  that  only  about  30  percent  of 
posttransfusion  hepatitis  was  attributable 
to  tyjDe  B  hepatitis  yirus.  A  new  disease  cat¬ 
egory  termed  non-A,  non-B  hepatitis  was 


recognized  that  is  caused  by  one  or  more 
as  yet  unidentified  yiruses.  Between  1974 
and  1979,  the  NHLBI  sponsored  the  Trans¬ 
fusion-Transmitted  Virus  (TTV)  study, 
which  was  a  multihospital  cooperatiye 
study  of  posttransfusion  hepatitis.  This 
project  focused  on  the  surveillance  and  eti¬ 
ology  of  transfusion-associated  viral  hepati¬ 
tis  and  provided  evidence  for  the  existence 
of  non-A,  non-B  hepatitis  virus(es).  The 
TTV  study  and  several  other  regional  stud¬ 
ies  have  revealed  that  approximately  7  to 
10  percent  of  all  blood  recipients  develop 
non-A,  non-B  hepatitis  and  that  the  transfu¬ 
sion  of  blood  and  blood  products  to  over 
3  million  recipients  annually  results  in 
approximately  300,000  cases  of  non-A, 
non-B  hepatitis  in  the  United  States  each 
year.  Another  important  contribution  of 
the  TTV  study  was  the  discovery  of  an 
association  between  donor  serum  alanine 
aminotransferase  (ALT)  levels  and  recipi¬ 
ent  non-A,  non-B  hepatitis.  Similarly,  an 
association  between  antibody  to  hepatitis  B 
core  antigen  in  donor  blood  and  recipient 
non-A,  non-B  hepatitis  was  also  established. 
These  findings  have  had  important  implica¬ 
tions  for  blood  transfusion  services,  and  the 
major  blood  collecting  organizations  have 
adopted  the  policy  of  screening  all  units  of 
donated  blood  for  ALT  and  antibody  to 
hepatitis  B  core  antigen.  The  TTV  study 
also  showed  that  chimpanzees  were  suscep¬ 
tible  to  non-A,  non-B  infection,  thus  identi¬ 
fying  an  animal  model  that  has  become 
invaluable  in  the  study  of  the  pathogenesis 
of  non-A,  non-B  hepatitis.  Results  from 
studies  to  develop  and  evaluate  tests  to 
detect  non-A,  non-B  hepatitis  virus(es). 
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however,  have  been  disappointing  because 
all  attempts  to  isolate  and  characterize  the 
agent(s),  a  prerequisite  for  the  development 
of  an  assay,  have  failed.  Nevertheless,  it  is 
estimated  that  approximately  50  percent  of 
posttransfusion  non-A,  non-B  hepatitis  may 
be  prevented  bv  screening  donated  blood 
for  ALT  and  antibodv  to  hepatitis  B  core 
antigen. 


Lahoraton/  technician  screen¬ 
ing  donated  blood  for  human 
immunodeficienci/  varus 
antibodies. 


The  hepatitis  transmission  problem  has 
been  particularly  agonizing  in  the  hemo¬ 
philia  population.  A  tyj^ical  lot  of  antihe¬ 
mophilic  factor  concentrate  may  be  derived 
from  the  blood  of  thousands  of  donors.  In 
such  cases,  the  chance  that  one  or  more  of 
the  donors  may  be  a  carrier  of  the  virus  is 
great.  In  fact,  the  vast  majoritv  of  severe 
hemophiliacs  who  receive  frecpient  treat¬ 
ment  with  factor  concentrates  have  become 
infected  with  various  hepatitis  viruses. 

More  recently  research  has  shown  that  heat 
or  chemical  treatment  of  the  preparation 
will  inactivate  some  of  these  viruses.  Con¬ 
sequently,  heat  or  chemical  inactivation 
procedures  have  been  introduced  into 
standard  mamdacturing  practice. 


Cheat  efforts  have  been  made  to  pre¬ 
pare  effective  vaccines  to  protect  high-risk 
individnals  from  hepatitis  B  infection.  The 
first  approach  was  to  prepare  a  vaccine 
from  the  plasma  of  hepatitis  B  virus  car¬ 
riers.  More  recently  a  genetically  engi¬ 
neered  hepatitis  vaccine  has  been  developed 
and  approved  for  use  in  humans. 

In  the  earlv  I98()s,  a  new  and  more 
serious  problem  confronted  the  transfusion 
medicine  community.  AIDS  appeared  in 
the  American  population,  and  it  soon  was 
shown  to  be  caused  by  a  virus  termed 
human  immunodeficiency  virus  (II IV) 
that  coidd  be  transmitted  bv  blood  and 
blood  products. 

An  alarming  characteristic  of  HIV 
infection  is  that  there  are  manv  carriers  of 
the  virus  who  do  not  manifest  svmptoms  of 
the  disease  but  are  highly  capable  of  trans¬ 
mitting  the  agent.  Initially,  the  blood  banks 
only  recourse  was  to  ask  donors  to  discjual- 
ifv  themselves  if  thev  exhibited  certain 
high-risk  behaviors,  a  slender  reed  indeed 
upon  which  to  relv  for  defense  against  tins 
dread  disease.  In  the  spring  of  1985,  a 
screening  test  for  the  antibodv  to  HI\^  was 
introduced  into  all  blood  banks  across  the 
country  The  test  has  a  high  degree  of  accu¬ 
racy  and  a  positive  resnlt  corroborated  bv  a 
second  confirmatory  test  indicates  that  an 
individual  has  been  infected  vvath  the  virus 
and  is  probably  still  carrvang  the  agent. 
These  screening  procedures  have  been 
extremely  effective  and  have  almost  com¬ 
pletely  eliminated  the  transmission  of  HfV 
fry  blood  and  blood  products. 

Initial  reports  of  the  possible  transmis¬ 
sion  of  AIDS  via  transfusion,  particnlarlv 
in  the  hemophilia  popidation,  led  to  impor¬ 
tant  studies  of  an  epidemiologic  nature. 
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Foiit/  Years  of  Achievement 


Human  immunodeficiencij 
virus  particles  budding  off 
the  cellular  membrane  of  a 
h/mphoci/te. 


such  as  the  Transfusion  Safety  Study. 

Efforts  to  develop  direct  and  indirect  tests 
to  identify  carriers  were  accelerated,  as  was 
research  to  achieve  a  means  for  inactivating 
the  virus  responsible  for  the  disease.  Chim¬ 
panzee  research  led  to  the  development  of 
the  first  animal  model  for  HIV  infection. 
Currently,  there  is  much  effort  to  educate 
both  the  donor  popidation  and  the  profes¬ 


sional  user  of  blood  and  blood  products  in 
all  aspects  of  the  proper  collection  and  nse 
of  the  blood  resource. 

The  problem  of  AIDS  remains  very 
serious.  In  the  world  of  transfusion  medi¬ 
cine,  the  catastrophic  effect  of  the  AIDS 
problem  first  was  observed  in  the  hemo¬ 
philia  population.  HIV  transmission  in  the 
hemophiliac  is  in  many  ways  analogous  to 
hepatitis  transmission  in  that  group.  In 
both  cases,  commercially  available  antihe¬ 
mophilic  concentrates  upon  which  manv 
hemophiliacs  are  dependent  for  their  lives 
and  well-being,  as  stated  previously,  are 
prepared  from  the  pooled  plasma  of  a  large 
number  of  donors.  This  means  that  patients 
who  receive  factor  concentrates  are 
exposed  to  a  veiy  large  number  of  donors, 
some  of  whom  may  be  infected  carriers. 
Much  of  this  exposure  occurred  before  the 
medical  community  was  even  aware  of 
AIDS  and  much  of  it  before  the  protection 
afforded  by  the  screening  test  to  detect  the 
antibody  to  HIV  was  in  place.  In  fact,  it  is 
likely  that  the  great  majority  of  hemophili¬ 
acs  have  been  exposed  to  the  virus.  By 
Februarv  1987,  254  cases  of  AIDS  in  hemo¬ 
philiacs  had  been  reported  and  of  those, 

147  had  died.  In  addition  to  these  tragic 
morbidity  and  mortality  figures,  fear  of  the 
disease  has  permeated  almost  all  facets  of 
society. 

There  is  evidence,  as  in  the  case  of 
hepatitis  virus(es),  that  heat  or  chemical 
treatment  of  blood  products  is  effective  in 
inactivating  HIV  The  fact  that  such  proce¬ 
dures  are  effective  and  that  screening  mea¬ 
sures  are  in  place  to  eliminate  carriers 
from  the  donor  population  provides  the 
needed  assurance  that  antihemophilic  prep¬ 
arations  now  are  probably  free  of  infections 
virus.  Research  aimed  at  developing  chemi¬ 
cal  treatment  of  blood  products  to  inacti¬ 
vate  viruses  of  both  hepatitis  and  AIDS  has 
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Testing  for  antihodt/  to 
cijtome^alovirus 


The  NHLBl  maintains  a  chim¬ 
panzee  colonij  for  nondestruc¬ 
tive  studies  of  posttransfusion 
hepatitis  or  AIDS. 


shown  great  promise.  Studies  are  in  prog¬ 
ress  to  develop  an  AIDS  immune  globulin 
derived  from  the  blood  of  individuals 
carrying  the  antibody.  Preliminarv  indica¬ 
tions  are  that  it  might  be  useful  in  pre¬ 
venting  the  disease  in  high-risk  individuals. 
The  greatest  hope,  of  course,  is  that  it  will 
be  possible  to  develop  an  effective  vaccine. 
Many  researchers  are  engaged  in  such 
efforts  using  a  variety  of  approaches. 

Another  virus  that  is  transmissible 
by  blood  transfusion  is  cvtomegalovirus, 
which  is  almost  ubiquitous  in  the  adult 
population  but  produces  little  clinical  dis¬ 
ease.  Premature  infants  who  receive  blood 
transfusions,  however,  suffer  about  a  25 
percent  risk  of  cytomegalovirus  infection 
and  overt  disease,  which  mav  be  fatal  in 
appro.ximately  20  percent  of  these  recipi¬ 
ents.  There  is,  at  present,  no  effective  means 
to  either  prevent  or  treat  this  disease.  Pre¬ 
sumptive  evidence  is  that  neonates  are  at 
high  risk  because  they  have  not  vet  pro¬ 
duced  antibodies  and  may  not  have 
maternally-produced  antibodies.  A  random¬ 
ized  trial  of  the  efficacy  of  passive  immuni¬ 
zation  is  now'  underway  Cvtomegalovirus 
immune  globulin  was  prepared  from  nor¬ 
mal  donor  plasma,  which  contains  high 
titers  of  antibodv  to  cvtomegalovirus.  This 
antibody  is  given  intravenouslv  to  test  sub¬ 
jects  at  the  time  of  blood  transf  usion  and  at 


intemds  thereafter.  The  trial  w'ill  deter¬ 
mine  w'hether  passive  immunization  can 
protect  the  premature  neonate  against 
this  transfusion-related  di.sea.se. 

Two  projects  were  conceived  in  the 
mid-I97()s  to  provide  the  scientific  commu¬ 
nity  with  unicjue  resources  tor  research  on 
transfusion-associated  iidections.  Since 
1974,  the  NHLBl  has  supported  a  sizable 
colonv  of  chimpanzees  for  studies  judged 
most  likely  to  advance  hepatitis  research 
and  more  recently,  AIDS  research.  As  the 
only  animal  to  which  non-A,  non-B  hepati¬ 
tis  or  HIV  can  be  transmitted  even  experi¬ 
mentally,  chimpanzees  constitute  an 
invaluable  resource  to  investigators  con¬ 
cerned  with  these  transfusion-transmitted 
diseases.  Another  important  resource  for 
researchers  is  a  blood  specimen  repository 
containing  over  30(),(X)0  serum  and  cellular 
specimens.  The  repositoiy  maintains  speci¬ 
mens  collected  in  multi-institutional  pro¬ 
spective  studies  of  the  epidemiology  of 
posttransfusion  hepatitis  and  AIDS.  Since 
the  establishment  of  this  resource  in  1975, 
aliquots  of  samples  have  been  used  by 
numerous  scientists  in  the  performance 
of  studies  concerned  with  transfusion- 
transmitted  hepatitis,  AIDS,  cMomegalo- 
virus,  and  other  infectious  agents. 

In  1985,  the  first  Specialized  Centers 
of  Besearch  and  National  Research  and 
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Demonstration  Centers  in  Transfusion  Medi¬ 
cine  were  established.  These  “centers  of 
excellence"  were  established  to  expedite  the 
development  and  applieation  of  new  knowl¬ 
edge  with  the  goal  of  improving  the  avail¬ 
ability,  safety,  and  quality  of  blood  and 
blood  products  for  therapeutic  uses.  They 
conduct  a  full  range  of  research  and  devel¬ 
opment  activities  from  basic  to  clinical. 

They  also  provide  the  ideal  environment  for 
basic  scientists,  blood  bank  scientists,  engi¬ 
neers,  and  clinicians  to  interact  exchange 
ideas,  and  become  aware  of  the  problems 
within  the  field  of  transfusion  medicine 
to  expedite  research  progress  in  this 
critical  area 

For  over  a  decade,  special  attention 
has  been  focused  on  training  scientists  for 
research  in  transfusion  medicine  because 
the  field  has  expanded  and  increased  in 
complexitv  The  number  of  blood  prepara¬ 
tions  routinely  used  has  increased  from 
three  or  four  to  more  than  two  dozen 
within  two  deeades  and,  as  already  stated 
the  uses  of  transfusion  have  evolved  from 
the  simple  transfusion  of  whole  blood  for 
emergency  purposes  to  infusion  of  multiple 
blood  components  and  derivatives  for  a 
large  number  of  acute  and  chronic  diseases. 
These  advances,  plus  the  continuing  pres¬ 
ence  of  the  hepatitis  threat  and  the  emer¬ 
gence  of  AIDS,  have  served  to  highlight  the 
need  for  more  trained  scientists  and  physi¬ 
cians  who  can  address  present  problems 
and  future  needs. 

Training  Programs  in  Transfusion 
Medicine 

To  expand  the  pool  of  scientists,  special 
programs,  such  as  the  Special  Emphasis 
Research  Area  (SERA)  in  the  Blood  Bank¬ 
ing  Sciences  and  the  Transfusion  Medicine 


Academic  Award  (TMAA),  have  been  devel¬ 
oped.  SERA  encouraged  scientists  from 
related  disciplines  to  receive  special  train¬ 
ing  that  could  be  applied  to  blood  resources 
problems.  The  TMAA  was  initiated  in  1983 
to  encourage  the  development  of  education 
programs  in  transfusion  medicine.  The  pur¬ 
pose  of  the  TMAA  is  to  encourage  schools 
of  medicine,  in  cooperation  with  local 
blood  centers,  to  organize  curricula  in  the 
discipline  of  transfusion  medicine  and  to 
further  the  development  of  skilled  person¬ 
nel  who  can  serve  the  research,  teaching 
and  clinical  needs  of  transfusion  medicine. 

The  foregoing  discussion  provides  only 
brief  highlights  of  a  20  year  span.  During 
that  time,  a  large  number  of  studies  have 
been  undertaken  to  improve  the  safety,  effi¬ 
cacy  and  availability  of  the  Nation’s  blood 
resource.  The  studies  are  too  numerous  and 
too  complex  to  detail  in  a  short  report. 

They  have  incorporated  the  entire  array  of 
scientific  endeavor  from  the  most  basic  to 
the  most  applied;  from  molecidar  studies 
to  social  research;  communication,  confer¬ 
ences,  and  consensus  sessions;  the  estab¬ 
lishment  and  support  of  laboratories  and 
research  centers;  the  building  of  serum 
and  data  banks  important  to  epidemiologic 
studies;  the  creation  and  support  of  a  chim¬ 
panzee  colony  vital  to  studies  of  the  patho¬ 
genesis  of  viral  diseases  transmitted  by 
blood;  the  training  of  scientific  personnel; 
and  the  introduction  of  transfusion  medi¬ 
cine  curricida  into  schools  of  medicine. 

This  research  has  brought  great  change 
in  the  medical  community  and  provided 
incalculable  health  benefits  to  the 
American  people. 
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